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EXECUTIVE  SUMMAKT 


A  relatively  new  tool,  the  pavement  pressuremeter,  was  used  at 
three  airports  in  order  to  evaluate  its  usefulness  in  pavement  design. 
The  pavement  pressuremeter  test  consists  of  hand  drilling  a  1.35  in. 
(3.43  cm)  diameter  hole  through  the  pavement  down  to  a  depth  of  say  5  ft 
(1.52  m) ,  then  inserting  in  the  open  hole  a  1.3  in.  (3.30  cm)  diameter, 
9  in.  (22.86  cm)  long  cylinder;  once  at  the  testing  depth  the  cylinder 
is  inflated  with  water;  the  pressure  against  the  soil  and  the  relative 
increase  in  radius  of  the  cylinder  are  recorded;  this  allows  to  obtain 
an  in  situ  stress-strain  curve  since  the  pressure  is  the  radial  stress 
at  the  cavity  wall  and  the  relative  increase  in  radius  is  by  definition 
the  hoop  strain  at  the  cavity  wall.  By  running  the  tests  at  various 
depths  in  the  borehole,  a  series  of  stress-strain  curves  can  be  recorded 
in  the  base  course,  subbase  and  subgrade. 

From  these  in  situ  stress-strain  curves,  resilient  moduli  can  be 
measured  by  performing  unload-reload  loops  during  the  inflation  of  the 
cylinder.  Moduli  vary  with  the  strain  level,  the  stress  level,  the 
number  of  load  cycles  and  the  rate  of  loading  or  creep.  Models  were 
selected  to  describe  these  variations;  they  are: 

Strain  level  model: 


1/E  =  a  +  be 


(1) 


Stress  level  model: 


n 


E  »  K2  (j~) 
a 


Number  of  cycles  model: 


(2) 


EN  -  EiN 


(3) 


Duration  of  load  model: 


During  this  study,  pressuremeter  testing  procedures  were  developed 
to  obtain  the  parameters  necessary  in  the  above  models  (a,  b,  K2,  n, 
ncyc  an<^  ncrp)  on  c^e  basis  of  32  tests  in  sand,  and  32  tests 
in' clay.  The  strain  parameters  a  and  b  are  obtained  from  a  pressure- 
meter  test  where  unload-reload  loops  are  performed  over  various  ranges 
of  the  hoop  strain.  The  parameters  K2  and  n  are  obtained  from  a 
pressuremeter  test  where  unload-reload  loops  are  performed  at  various 
stress  levels.  The  cyclic  parameter  (ncvc)  is  obtained  from  a 
pressuremeter  test  where  10  unload-reload  cycles  are  performed  between 
two  stress  levels.  The  creep  or  rate  effect  parameter  (ncjrp)  is 
obtained  from  a  pressuremeter  test  curve  where  the  radial  stress  is  kept 
constant  for  five  minutes.  The  parameters  a,  b,  K2,  n,  ncyc  and 
ncrp  obtained  with  the  pavement  pressuremeter  in  this  study  com¬ 
pared  favorably  with  values  published  in  the  literature.  A  pavement 
pressuremeter  test  procedure  was  developed  where  in  a  single  test  all  of 
the  above  parameters  can  be  obtained. 

Of  the  three  airports  where  testing  took  place,  two  had  clay  sub¬ 
grades  and  one  had  a  sand  subgrade.  A  total  of  34  pavement  pressuremeter 
(PPMT)  tests  were  performed  in  the  base  courses  and  subgrades  of  the 
three  airports.  Also  17  cyclic  triaxial  (CT)  tests  were  performed  on 
samples  recovered  from  the  three  airport  subgrades.  In  order  to  estab¬ 
lish  a  ground  truth,  a  total  92  locations  at  the  3  airports  were  tested 
with  the  Falling  Weight  Def lectometer  (FWD).  The  pavement  pressuremeter 
(PPMT)  results  were  compared  with  the  results  of  cyclic  triaxial  (CT) 
tests  and  falling  weight  def lectometer  (FWD)  tests.  The  comparison  con¬ 
sisted  of  predicting  the  FWD  deflection  using  the  proper  PPMT  moduli  and 
then  using  the  CT  procedure  established  by  the  Waterways  Experiment  Sta¬ 
tion  (WES).  For  the  PPMT  it  was  found  that  the  best  predictions  are 
obtained  when  the  strain  level  model  is  used  for  clay  subgrades  and  the 
stress  level  model  is  used  for  sand.  The  predicted  deflections  by  the 
proposed  PPMT  method  were  within  +_  25%  of  the  measured  deflections.  The 
approach  proposed  by  WES  on  the  use  of  CT  moduli  to  predict  deflections 
makes  the  same  distinction  between  clay  and  sand.  Indeed  moduli  are 
based  on  the  deviator  stress  level  for  clays  (the  deviator  stress  re¬ 
lates  directly  to  the  strain  level)  and  on  the  mean  confining  stress  for 
sands.  The  deflections  of  the  FWD  were  predicted  using  the  properly 
selected  triaxial  test  moduli.  The  predicted  deflections  by  the 
established  CT  method  were  as  good  as  the  PPMT  predictions  for  the  clay 
but  not  as  good  for  the  sand.  This  is  due  in  part  to  the  great  diffi¬ 
culty  experienced  in  retrieving  undisturbed  samples  of  sand. 

A  comparison  of  moduli  was  also  made.  The  moduli  which  predicted 
best  the  measured  FWD  deflections  were  selected  for  comparison  purposes. 
The  PPMT  moduli  from  the  strain  level  model  for  the  clays  and  the  stress 
level  model  for  the  sand  were  compared  with  the  CT  moduli  from  the 
deviator  stress  approach  for  the  clays  and  the  mean  confining  stress 
approach  for  the  sand.  The  plot  shows  a  much  larger  variation  than  the 
comparison  of  deflections.  Moduli  were  also  backfigured  from  the  FWD 
deflection  results.  In  this  case  only  one  average  FWD  modulus  is  back- 
figured  for  the  entire  subgrade,  instead  of  several  moduli  versus  depth 
for  the  CT  and  PPMT  tests.  The  plot  comparing  PPMT  and  FWD  moduli  shows 
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a  somewhat  better  correlation  than  the  plot  comparing  CT  and  FWD  moduli. 

A  comparison  of  the  advantages  and  drawbacks  of  the  three  different 
pieces  of  equipment  and  corresponding  design  approaches  is  presented. 
Overall  this  study  shows  that  the  pressuremeter  is  an  economical  and 
avantageous  alternative  to  the  cyclic  triaxial  test.  Indeed  the  PPMT  is 
less  costly,  much  less  damaging  to  the  pavement,  and  simpler  to  use  than 
the  cyclic  triaxial  test  and  predicts  the  deflections  of  the  FWD  as  well 
if  not  better  than  the  cyclic  triaxial  test.  The  pavement  pressuremeter 
is  particularly  useful  in  sand  subgrades  where  it  is  easier  to  drill  a 
1.35  inch  (3.43  cm)  diameter  hole  than  it  is  to  recover  an  undisturbed 
sand  sample. 

It  is  recommended  that  the  pavement  pressuremeter  be  used  instead 
of  the  cyclic  triaxial  test. 
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1.  IHT&i  DDCTIOR 


Due  to  the  costs  and  the  uncertainties  associated  with  current  eval¬ 
uation  methods  for  airport  pavements,  the  Federal  Aviation  Administra¬ 
tion  (FAA)  sponsored  research  on  the  use  of  the  pavement  pressuremeter 
(PPMT)  to  evaluate  airport  pavement  moduli  (Briaud  1979).  The  pressure- 
meter  is  an  in  situ  soil  testing  device  capable  of  giving  an  in  situ 
stress-strain  curve  which  yields  soil  parameters  useful  in  design.  The 
pressuremeter  moduli  are  to  be  compared  to  moduli  obtained  from  current 
state-of-the-art  tests,  namely  the  cyclic  triaxial  (CT)  test  (Barker  and 
Brabston  1975)  and  the  Falling  Weight  Def lectometer  (FWD)  test  (Smith 
and  Lytton  1983).  The  advantage  of  being  able  to  use  the  PPMT  for 
design  and  evaluation  of  airport  pavements  is  that  it  is  much  less  com¬ 
plicated  and  much  less  time  consuming  than  the  cyclic  triaxial  test 
and  that  it  allows  a  direct  layer-by-layer  evaluation  of  the  pavement 
unlike  the  Falling  Weight  Def Lectometer .  The  question  addressed  in  this 
research  is  "Can  the  pavement  pressuremeter  yield  the  necessary  moduli 
for  pavement  design  and  evaluation?"  This  question  is  answered  by  com¬ 
paring  moduli  and  deflections  for  the  PPMT,  CT  and  FWD. 
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2.  OBJECTIVE 


The  objective  of  this  research  is  to  i  nvest  i g.il »*  whether  or  not 
the  pavement  pressuremeter  can  provide  a  simple  and  rapid  in  situ 
test  method  for  determining  moduli  of  elasticity  values  for  pavement 
layers  as  accurate  as  those  obtained  by  the  current  cyclic  triaxial  test 
method.  This  project  is  not  to  develop  a  new  and  comprehensive  design 
method  for  airport  pavements,  however  the  complete  design  process  will 
be  kept  in  mind  throughout  the  study.  This  ensures  that  the  results 
will  properly  fit  current  procedures  and  allow  full  use  of  the  pavement 
pressuremeter  for  the  design  of  new  runways,  the  extension  of  existing 
runways,  the  evaluation  of  existing  pavements,  and  the  design  of  pave¬ 
ment  overlays. 
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3.  SCOPE 


The  project  will  include  the  following  tasks: 

1.  Improve  the  PPMT  equipment  from  its  1979  model  (Briaud  1979). 

2.  Study  the  influence  of  the  insertion  technique  used  to  place  the 
probe  at  the  desired  depth,  and  recommend  the  best  technique. 

3.  Select  three  airports  in  Texas. 

4.  Obtain  laboratory  samples  and  conduct  PPMT  and  FWD  tests  at  the  3 
airports. 

3.  Perform  the  cyclic  triaxial  tests. 

6.  Reduce  in  situ  tests  and  laboratory  tests  data. 

7.  Predict  the  FWD  deflections  using  the  finite  element  method  with  the 
PPMT  moduli  and  then  with  the  CT  moduli.  Compare  the  measured  FWD 
deflections  with  the  predicted  deflections. 

8.  Compare  the  moduli  from  the  PPMT,  the  CT  and  the  FWD. 
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4.  DESCRIPTION  OF  THE  PAVEMENT  PRESSU REMETER  EQUIPMENT 


AMD  BACKGROUND 


4.1  The  Pavement  Pressureaeter 

The  pavement  pressuremeter  was  developed  in  197b  (Briaud  1979). 
The  PPMT  device  (Figure  1)  consists  of  a  control  unit,  a  tubing  and  a 
probe  which  is  lowered  in  a  prebored  1.35  inch  (3.43  cm)  diameter  bore¬ 
hole.  Once  at  the  testing  depth  the  9  inch  (22.9  cm)  long,  1.3  inch 
(3.3  cm)  diameter  cylindrical  probe  covered  with  a  flexible  membrane,  is 
inflated  with  water  by  turning  the  manual  actuator;  this  creates  a 
pressure  against  the  walls  of  the  borehole.  During  a  test,  the  pressure 
in  the  probe  is  recorded  on  a  pressure  gage  and  the  increase  in  volume 
of  the  probe  LV  is  recorded  on  the  displacement  indicator.  Several 
tests  are  performed  at  chosen  depths  in  the  borehole.  The  basic  idea  of 
the  PPMT  test  is  to  obtain  a  series  of  in  situ  stress-strain  curves  in 
the  subgrade  and  the  base  layers  (Figure  2).  This  is  possible  because 
the  pressure  against  the  wall  of  the  hole  is  the  radial  stress  crr 
and  the  relative  increase  in  radius  of  the  cavity  A  Rc/Rc  is  by  defi¬ 
nition  the  hoop  strain  (  eeb)  in  the  soil  at  the  borehole  wall.  During  a 
test,  the  expanding  probe  first  fills  the  gap  between  the  probe  membrane 
and  the  hole  (portion  OA  in  Figure  2).  This  determines  the  initial 
radius  of  the  cavity  Rc ,  shown  in  Figure  2.  Then  the  soil  deforms  lin¬ 
early  (portion  AB  in  Figure  2).  A  soil  modulus  E0,  is  obtained  from 
the  slope  of  AB  in  Figure  2  (Baguelin  et  al.  1978).  At  point  B,  the 
soil  starts  yielding  and  at  point  D,  a  limit  pressure  p^  is  reached. 

Prior  to  this  project  the  hole  was  made  by  driving  a  1.37  inch  (3.5 
cm)  diameter  E  rod  to  a  depth  of  5  ft  (1.52  m)  below  the  ground  or  pave¬ 
ment  surface  (Briaud  and  Shields  1979a).  This  E  rod  was  then  withdrawn 
and  the  1.35  inch  (3.43  cm)  diameter  probe  was  lowered  into  the  open 
hole  to  the  first  testing  depth  immediately  below  the  surface  course. 
After  completing  the  first  test,  a  second  test  was  performed  one  foot 
below  the  first  one.  The  remaining  PPMT  tests  were  performed  at  one 
foot  intervals  to  a  depth  of  5  ft  (1.52  m). 

For  each  test  the  probe  was  inflated  while  recording  p  and  IV  (Fig¬ 
ure  3).  At  the  end  of  the  straight  part  of  the  curve  (Figure  3)  the 
pressure  was  decreased  to  zero  and  then  the  probe  was  reinflated.  A 
reload  modulus  Er  was  obtained  from  the  slope  of  the  reload  portion  of 
the  curve.  This  modulus  was  calculated  by  assuming  that  the  pressure- 
meter  expands  as  an  infinitely  long  cylinder  in  a  homogeneous  linear 
elastic  space  (Baguelin  et  al.  1978)  using: 


Er  =  2  (1  ♦  v  )(7$)  Vm  (1) 


where:  v  =  Poisson's  Ratio,  \p/'.v  =  slope  of  the  reload  portion 

cvclic  loop,  V  =  volume  of  the  probe  midway  through  the  cycle, 
m 


of  the 


2 R.  =  1.3  in 


Fig.  2  Typical  Pavement  Pressuremeter  Test  and  Pavement  Cross  Section 
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Fig,  3  Typical  Pressure  vs  Volume  Pressuremeter  Curve 
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4.2  Cost,  Advantages  and  Disadvantages  of  the  Pavement  Pressuremeter 

The  pavement  pressurerae ter  equipment  shown  on  Figure  1  costs 
approximately  $4000  (1986).  The  control  unit  comes  in  a  small  suitcase; 
the  probe  and  tubing  come  separately.  At  the  airport  site  the  pavement 
surface  is  drilled  with  a  hand  held  concrete  drill  which  costs  about 
$1000  (1986).  Once  the  1.5  inch  hole  is  opened  through  the  surface 
course,  a  1.35  inch  diameter  hand  auger  is  used  to  hand  drill  a  hole  4 
or  5  ft  deep.  This  auger  is  made  of  a  1.35  inch  diameter,  6  inch  long 
wood  bit  screwed  into  rods  and  connected  to  a  handle.  The  auger  costs 
less  than  $100.  Note  that  no  drilling  rig  is  necessary  so  that  for  less 
than  $6000  one  can  be  fully  equipped  to  perform  pavement  pressuremeter 
tests. 

By  comparison,  for  the  cyclic  triaxial  test,  a  drill  rig  is 
necessary  to  retrieve  samples.  A  drill  rig  costs  about  $150,000  to  buy 
and  $1500/day  to  rent  with  a  crew.  The  cyclic  triaxial  test  equipment 
is  expensive;  the  major  components  are  the  pump,  the  controller  and  wave 
generator,  the  triaxial  cell,  the  cell  pressure  system,  the  transducers 
and  LVDTs ,  the  data  acquisition  system,  the  strip  chart  or  X-Y  plotter. 
The  cost  is  estimated  to  be  about  $50,000.  By  comparison  also  the 
Falling  Weight  Def lectometer  cost  about  $100,000  to  buy  or  $1000/day  to 
rent  plus  mobilization  and  demobilization. 

The  pavement  pressuremeter  test  lasts  about  10  minutes.  After 
including  time  for  drilling  the  hole  and  moving  from  station  to  station, 
20  to  30  tests  can  be  performed  in  an  8  hour  day.  By  comparison,  in 
addition  to  the  sampling  time  with  the  drill  rig  at  the  airport,  it 
takes  about  1  day  to  run  1  cyclic  triaxial  test.  By  comparison  also  it 
takes  about  3  minutes  to  run  a  Falling  Weight  Def lectometer  test  with  4 
load  levels;  about  130  to  150  tests  can  be  performed  in  an  8  hour  day. 
The  FWD  is  therefore  faster  than  the  PPMT  and  should  be  used  anytime  a 
large  pavement  area  needs  to  be  surveyed.  The  FWD  however  does  not  give 
the  moduli  profile  versus  depth  like  the  PPMT  does.  The  PPMT  should  be 
used  in  the  areas  where  the  FWD  points  out  that  a  problem  exists.  The 
FWD  is  not  used  for  the  design  of  new  pavements  or  extension  of  existing 
pavements;  the  PPMT  can  easily  be  used  in  those  cases. 

Other  comparisons  between  the  PPMT,  CT  and  FWD  are  summarized  in 
Table  1.  One  point  of  interest  is  that  FWD  results  can  be  used  to  back- 
calculate  a  subgrade  modulus  if  the  pavement  thickness  is  known  accu¬ 
rately.  This  information  is  often  obtained  from  construction  drawings; 
there  can  be  large  discrepancies  between  drawings  and  reality.  For 
example  PPMT  tests  revealed  24  inches  of  concrete  plus  asphalt  at  the 
airport  in  San  Antonio  when  the  drawings  indicated  12  inches;  at  the 
airport  in  College  Station  1  inch  of  base  course  was  found  whereas  6  to 
8  inches  was  shown  on  the  drawings.  These  discrepancies  can  lead  to 
drastic  errors  in  the  backcalculated  FWD  moduli. 


4.3  Pavement  Pressuremeter  Design  Method  as  Proposed  in  1979 

The  airport  pavement  pressuremeter  design  procedure  was  developed 


Variable 

— 

Falling  Weight 
Deflectors  ter 

Pressureneter 

Test 

Cyclic  Tt  wtxial 

Test 

Price  of  Equipment 

$100,000 

$6,000 

$V.iW 

Cost  of  Test 

low 

medium 

high 

Equipment  Durability 

medium 

high  f 

medium 

Complexity  of  Use  of 
Equipment 

medium 

medium 

very  complex 

Time  Required  for 

Test 

3  minutes 

20  minutes 

480  minutes 

Time  Required  to 
Evacuate  Runway  for 
Emergency 

Immediately 

2  minutes 

15  minutes 
(evacuate  drill  rig) 

Data  Acquired 

Surface  Deflections 
Wave  Propagation 

Stress/Strain 

Curve  In  Situ 

Stress/Strain 
Curve  in  Laboratory 

Horizontal  Stresses 
at  Rest 

No 

Yes 

Difficult 

Data  Reduction 

Complicated 

Complicated 

Complicated 

Data  Reduced  to 

Layer  Moduli 
(if  layer  thicknesses 
accurately  known)  as 
a  Function  of  Load 
Level  &  Cycles  from 
Repeated  Tests 

layer  Moduli  as 
Function  of  Stress, 
Strain,  Cycles  and 
Rate  of  Loading 

Aaayer  Moduli  as 
Function  of  Stress, 
Strain,  Cycles  and 
Rate  of  Loading 

Load  Rating  of 
Pavements 

Light  Pavements 

Only 

Yes 

Yes 

Check  Pavenent 
Thickness 

No 

Yes 

Yes 

Recover  Sanple 

No 

Disturbed 
(Useful  for  Iden¬ 
tification,  Water 
Content  .  .) 

Undisturbed 

Design  of  New  Pave¬ 
ments  or  Extension  of 
Existing  Pavement 

Yes 

Yes 

Yes 

Evaluation  of  Existing 
Pavement 

Yes 

Yes 

Yes 

Overlay  Design 

Yes 

Yes 

Yes 

Table  1 

Conparison  of  the  Falling  Weight  Deflectcraeter,  Pressuraneter 
and  Cyclic  Triaxial  Tests  for  Pavement  Design  and  Evaluation 


in  Canada  (Briaud  1979).  It  is  based  on  the  principles  ust>d  in  the 
Canadian  design  procedure  and  described  in  the  Transport  Can.ul.i  manual 
AK-68-12  (Transport  Canada  1976).  This  Canadian  design  is  based  on 
results  of  an  NDT  test  called  the  McLeod  plate  test  (McLeod  I'lVM,  This 
plate  test  consists  of  applying  a  load  (S),  on  a  it)  inch  (76.2  cm) 
diameter  plate,  such  that  if  the  load  is  repeated  10  times  a  0.5  in 
(12.5  mm)  deflection  of  the  surface  will  occur  at  the  10th  repetition. 
If  the  test  is  performed  on  the  pavement  surface  the  load  (S)  is  called 
the  pavement  bearing  strength  (Sp)  and  if  the  test  is  performed  on  the 
subgrade,  the  load  is  called  the  subgrade  bearing  strength  (Ss). 

The  subgrade  bearing  strength  is  the  basic  design  parameter  for 
airports  in  Canada.  In  general,  Ss  is  not  measured  directly  but  is 
deduced  from  the  measurement  of  Sp.  A  relationship  between  Ss  and 
Sp  has  been  established  (McLeod  1947): 


Sc  =  Sn  x  10 


-‘ill) 


where  t  is  the  equivalent  granular  thickness  of  the  pavement  in  centi¬ 
meters  calculated  by  using  equivalency  factors  based  on  equivalent 
granular  thicknesses  of  each  material.  For  example,  1  cm  of  base  course 
equals  2  cm  of  equivalent  granular  thickness.  The  equivalency  factor 
can  be  determined  as  follows  (Briaud  et  al.  1982).  If  two  different 
base  course  materials  A  and  B  are  available  to  build  a  pavement,  the  use 
of  each  material  will  result  in  a  different  base  course  thicknesses, 
Ha  and  Hb.  If  A  is  the  reference  base  course,  the  ratio  Hg/HA 
is  the  equivalency  factor  of  base  course  B  with  respect  to  A.  The 
equivalency  factor  is  determined  from  Odemark's  approximate  equation 
(1949): 


H.  E 

_E  =  (-1) 

H  V 

a  b 

where  EA  and  Eg  are  the  moduli  of  each  material  measured  with  the 
pressuremeter. 


The  following  procedure,  based  on  a  chart  approach,  can  be  used  to 
design  new  flexible  airfield  pavements.  It  is  based  on  the  pavement 
pressuremeter  test  results  (Briaud  and  Shields  1979b)  and  on  the  fact 
that  a  good  correlation  was  found  between  the  average  pavement  pressure¬ 
meter  modulus  and  the  pavement  bearing  strength  (Figure  4). 

1.  Pavement  pressuremeter  tests  are  performed  in  the  subgrade  at  regu¬ 
lar  intervals  along  the  proposed  pavement  section.  The  test  holes 
are  spaced  about  300  ft  (100  m)  apart  and  at  each  hole  location  a 
series  of  tests  are  performed  at  1  foot  (0.3  m)  intervals  to  a  depth 
of  5  ft  (1.5  m). 

2.  The  reload  modulus  (E  ),  (Figure  3  and  Eq .  1)  is  calculated  for  each 
test,  and  a  profile  of  E  versus  depth  is  prepared. 


The  subgrade  average  pressuremeter  reload  modulus  (Eres)  is 
determined  for  each  test-hole  location.  In  order  to  do  this,  a  sub¬ 
grade  bearing  strength  (Ss)  has  to  be  assumed  in  order  to  calcu¬ 
late  the  settlement  of  the  rigid  plate  (s)  using  a  multilayer  elas¬ 
tic  theory.  An  Ss  value  of  20,000  lbs  (100  kN)  is  recommended. 
Note  that  this  assumption  has  no  influence  on  the  magnitude  of 
E^e§-  The  value  of  Ereg  is  easily  determined  if  a 
Finite  Element  Method  program  is  available.  If  it  is  desired  to 
find  Ergs  by  hand  the  following  approximate  equation  is  used. 


- - =  0.IU32. 1/E1)  +  (33.5/E2)  +  (24.6/E  )  +  (14.8/E4)  +  (3/E5>] 


where  is  the  reload  modulus  obtained  at  the  shallowest  test  in 
the  subgrade,  and  E2 ,  E3,  E4  and  E5  are  the  reload  moduli 
corresponding  to  the  next  four  test  depths  (1  foot  increments). 
This  formula  was  obtained  by  considering  a  single  average  strain 

distribution  below  the  plate  (Briaud  et  al.  1982). 

The  Er  values  are  multiplied  by  the  applicable  spring  reduc¬ 
tion  factor,  and  the  lower  quartile  factor  Eres  value  is  deter¬ 

mined.  The  spring  reduction  factor  takes  into  account  the  loss  of 
subgrade  strength  during  the  thawing  of  the  frozen  ground  in  the 
spring  of  the  year.  This  value  is  equal  to  one  for  climates  with  no 
spring  thaw.  A  statistical  analysis  leads  to  the  lower  quartile 

Eres>  which  is  considered  to  be  the  design  in  situ  Eres 

value. 

[he  aircraft  load  rating  of  the  design  plane  is  obtained  (Briaud  and 
Shields  1979b).  The  in  situ  Eres  and  the  design  chart  of 
Kigi.rr'  r>  are  used  to  determine  the  required  equivalent  granular 
thickness  (tj). 

If  base  course  material  is  available  from  different  borrow  sections, 
it  may  be  desirable  to  prepare  pavement  test  sections  with  the 
different  base  course  materials  and  to  test  them  with  the  pressure- 


For  the  evaluation  and  design  of  overlays  on  existing  pavements,  the 

following  procedure  applies: 

1.  Pavement  pressuremeter  tests  are  performed  in  the  subgrade  at  regu¬ 
lar  intervals  along  the  proposed  pavement  section.  The  test  holes 
are  spaced  about  300  ft  (100  m)  apart  and  at  each  hole  location  a 
series  of  tests  are  performed  at  1  ft  (0.3  m)  intervals  to  a  depth 
of  5  ft  (1.5  m). 

2.  The  reload  modulus  (Er)(Eq.  1),  is  calculated  for  each  test,  and  a 
profile  of  Er  versus  depth  is  prepared. 

3.  Only  the  results  from  the  tests  in  the  subgrade  are  considered  for 
use  in  the  design,  but  tests  in  the  base  and  the  subbase  are  of  con¬ 
siderable  value,  since  they  allow  the  engineer  to  assess  the  compe¬ 
tence  of  the  layers  of  the  pavement. 
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4.  Follow  step  4  of  the  pressuremeter  new  pavement  design  procedure. 

5.  Follow  step  5  of  the  pressuremeter  new  pavement  design  procedure. 

6.  This  required  thickness  (t^)  is  compared  to  the  equivalent  granu¬ 
lar  thickness  of  the  existing  pavement  ( 1 2 ) •  An  overlay  is  neces¬ 

sary  if  t^  is  greater  than  t2  and  is  calculated  using: 

t  =  (tl  ~  t2) _  . 

overlay  equivalency  factor 


where  the  equivalency  factor  is  determined  as  previously  described. 

As  part  of  the  study  by  Briaud  (1979)  a  second  approach  was  taken 
for  solving  the  problem  of  pavement  design  and  evaluation.  This  approach 
was  based  on  the  use  of  multilayer  elastic  theory.  In  this  case  the 
pavement / subgrade  system  is  considered  to  be  a  multilayered  elastic  con¬ 
tinuum.  F.ach  layer  is  characterized  by  a  modulus  of  elasticity  (E) ,  and 
a  Poisson's  ratio  (v ) .  Two  strains  are  considered  to  be  critical  for 
engineering  purposes,  the  maximum  horizontal  tensile  strain  (e^)  at 
the  lower  face  of  the  asphalt  layer,  and  the  maximum  vertical  compres¬ 
sive  strain  (e  v)  at  the  top  of  the  subgrade.  The  design  asphalt  and 
pavement  thicknesses  required,  ensure  that  the  magnitude  of  and 
cv  are  within  acceptable  limits. 

For  the  multilayer  elastic  approach,  moduli  and  Poisson's  ratio 
values  were  assigned  to  the  asphalt,  while  pressuremeter  reload  moduli 
(Er)  were  used  as  elastic  moduli  for  the  base,  subbase  and  subgrade 
layers.  The  computer  program  BISAR  (Bitumen-Structures-Analysis-m- 
Roads)  (Claessen  et  al.  1977)  was  used  to  calculate  tv  and  the 
maximum  pavement  deflection  (s)  under  a  single  aircraft  gear  loading  for 
the  design  aircraft.  The  results  from  BISAR  indicated  that  the  pre¬ 
dicted  horizontal  and  vertical  strains  were  too  high  (i.e.  too  close  to 
the  limiting  strains).  It  was  concluded  that  the  use  of  Er  in  multi¬ 
layer  elastic  design  was  not  compatible  with  the  use  of  the  established 
limiting  strain  criteria  (Claessen  et  al.  1977).  The  Er  values  were 
too  small,  resulting  in  calculated  strains  which  were  too  large.  The 
reason  is  that  the  modulus  Er  was  calculated  over  an  average  of  4% 
volumetric  strain.  It  has  been  shown  (Kondner  1963)  that  Er  values 
calculated  over  smaller  volumetric  strains  are  much  higher.  The  basic 
conclusions  of  this  portion  of  the  research  by  Briaud  (1979)  was  to  con¬ 
tinue  investigating  the  determination  of  Er  values  over  much  smaller 
strain  levels. 

Briaud  et  al.  (1982)  studied  the  effects  on  the  PPMT  modulus  of 
various  strain  levels  and  various  stress  levels  and  showed  that  it  was 
possible  to  obtain  much  higher  moduli  at  much  lower  strains. 

Another  segment  of  the  research  conducted  by  Briaud  et  al,  (1982), 
was  the  use  of  the  PPMT  soil  limit  pressure  (p^),  for  determining  the 
ultimate  capacity  of  a  pavement.  In  this  manner  the  limit  pressure 
could  be  used  to  determine  the  maximum  load  that  could  be  carried  by  the 
pavement . 


5.  MODULI  FROM  THE  PAVEMENT  PRESSUREMETER  TEST 


5.1  Modulus  ss  a  Function  of  Stress,  Strain,  Creep  and  Cycles 

Soil  moduli  are  measures  of  the  deformation  properties  of  a  soil. 
The  soil  modulus  is  influenced  by  many  factors.  For  a  given  soil  the 
major  influencing  factors  are: 

a .  1  the  strain  level  at  which  the  modulus  is  measured, 

b. )  the  stress  level  at  which  the  modulus  is  measured, 

c .  )  the  rate  of  loading,  and 

d. f  the  number  of  load  repetitions. 

Tne  influence  of  the  strain  level  on  the  soil  modulus  was 
studied  by  Kondner  (1963).  He  approached  the  problem  by  considering 
stress-strain  curves  resulting  from  typical  triaxial  tests  conducted  on 
soil  samples  (Figure  6).  Kondner  then  fit  a  hyperbola  to  those  stress 
st ra i n  curves : 


—  =  a  +  be  (6) 

where  a  and  b  are  as  shown  on  Figure  6.  Figure  7  is  a  plot  of  the 
straight  line  form  of  Eq.  6  with  c/o  replaced  by  1/E.  In  order  to  find 
a  and  b  for  a  given  soil,  the  data  points  of  the  stress  strain  curve  are 
plotted  in  a  graph  such  as  the  one  of  Figure  7  and  a  best  fit  linear 
regression  is  used  to  find  the  intercept  a  and  the  slope  b. 

The  influence  of  the  mean  stress  level  on  the  modulus  was 
studied  by  Janbu  (1963).  With  the  exception  of  the  quick  failure  of 
saturated  soils  (i.e.  unconsolidated  undrained  tests,  it  was  found  that 
both  the  tangent  modulus  Et  and  the  compressive  strength  qu  of  soils 
vary  with  the  confining  stress  03  (Figure  8).  Janbu's  (1963)  experi¬ 
mental  studies  have  shown  that  the  relationship  between  the  initial 
tangent  modulur  and  confining  pressure  may  be  expressed  as  (Duncan  and 
Chang  1970 ) : 


K 


2 


(7) 


where:  E^  is  the  initial  tangent  modulus,  03  is  the  minor  princi¬ 

pal  stress,  pa  is  the  atmospheric  pressure,  K2  is  a  modulus  number, 
and  n  is  the  exponent  determining  the  rate  of  variation  of  with 
£3.  The  values  of  the  parameters  K2  and  n  may  be  determined  from 
the  results  of  a  series  of  triaxial  tests  by  plotting  log  Ej  versus 
log  03  and  fitting  a  straight  line  to  the  data  (Figure  9).  Later 
this  model  was  modified  by  writing  E  =  K^O11  and  then  normalized: 

E  *  Kj  <n  (8) 

~  n 

and  then  =  K0  (— )  (9) 

2  p. 
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where  6  is  the  mean  normal  stress  and  pa  is  the  atmospheric  pressure. 
In  this  study,  the  last  model  was  selected  (Figure  8  and  9  and  Eq.  9  ). 


The  effect  of  Bate  of  Loading  or  Creep  on  the  secant  modulus 
was  studied  by  Riggins  (1981).  The  physical  reason  for  the  rate-depen¬ 
dent  responses  of  clays  is  not  simple  (Lacasse  1979,  Mitchell  1976,  Pike 
1981,  and  Whitman  1970).  Three  elements  in  clays  contribute  to  rate 
dependency  of  the  engineering  properties:  the  pore  water,  the  particle 
contacts  and  the  water  /  soil -skeleton  interaction  (Briaud  and  Garland 
1985).  The  free  water  in  the  pores  is  a  viscous  fluid.  In  fact  water 
alone  is  much  more  viscous  than  clays  since  it  is  a  Newtonian  fluid 
(i.e.  the  viscosity  is  constant  throughout  the  range  of  applied 
stresses).  At  higher  water  contents  increasing  the  load  rate  leads  to 
a  higher  modulus  for  clays.  The  particle  contacts  also  exhibit  viscous 
behavior.  These  contacts  are  formed  by  penetration  of  the  particle  with 
its  adsorbed  water  layer  into  the  adsorbed  water  layer  of  the  adjacent 
particles.  The  viscosity  of  the  adsorbed  water  is  larger  than  the 
viscosity  of  the  free  water  (Low  1947).  Thus  the  thicker  the  adsorbed 
water  layer  the  more  viscous  the  clay.  The  water/soil-skeleton  inter¬ 
action  varies  with  shearing  rate.  At  slow  rates,  the  particles  in  the 
soil-skeleton  have  time  to  deform  along  the  path  of  least  resistnce.  At 
high  rates,  the  particles  in  the  soil  skeleton  do  not  have  time  to  find 
that  path  and  the  soil  dilates  more  than  at  slow  rates;  this  leads  to 
lower  excess  pore  pressures.  Riggins  (1981)  developed  a  model  which 
related  the  increase  in  undrained  shear  strength  Su  to  the  time  of 
failure  t  as: 
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ul 
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u2 


(10) 


where:  Sui  and  Su2  are  the  undrained  shear  strengths  measured  at 
times  to  failure  t^  and  t2,  respectively,  and  ncrp  is  the  vis¬ 
cous  exponent. 

Based  on  the  results  of  152  undrained  laboratory  tests  on  clay  found  in 
in  the  literature,  the  range  of  ncrp  falls  between  0.02  and  0.10 
with  an  average  of  0.061  (Briaud  and  Garland  1985).  Eq.  9  can  be 
adapted  to  predict  the  variation  of  the  secant  modulus  at  any  load  level 
with  time  (Figure  10).  This  model  shows  that  the  faster  a  soil  is 
loaded  the  higher  the  modulus  will  be  (Figure  11).  In  terms  of  the 
secant  modulus  Eq.  9  becomes: 


-  -n 

E  t  crp 

~  =  (-1)  (ID 

Es0  C0 

where:  Egt  and  EgQ  are  secant  moduli  measured  in  times  t  =  t0  and 
t  =  t  after  the  start  of  the  creep  portion  of  the  test,  respectively, 
and  n  is  the  viscous  exponent  which  indicates  a  higher  viscosity 
(i.e.  higher  modulus)  as  values  approach  zero. 
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Normalized  M< 


is  the  viscous 


The  slope  of  the  log  E  versus  log  t  plot  (Figure  11) 
exponent  ncrp. 

The  effect  of  repetitive  loading  on  the  modulus  (Figure  12)  is 
significant.  Idriss  et  al.  (1978)  developed  an  inverse  power  law  model 
for  the  effects  of  earthquake  loadings  on  the  modulus.  The  degradation 
of  the  modulus  due  to  cyclic  loading  for  soft  clays  was  determined  by 
looking  at  two  typical  cyclic  tests  on  soft  clays  (Idriss  et  al.  1978). 
One  test  was  strain  controlled  and  the  other  test  was  stress  controlled. 
Both  indicated  that  the  shear  modulus  Gs  decreased  with  increasing 
number  of  cycles.  These  two  tests  along  with  a  series  of  cyclic 
triaxial  tests  found  in  the  literature  revealed  the  following: 


a)  The  slope  of  the  hysteresis  loop  is  steeper  for  smaller  strains 

b)  The  total  energy  loss  W  increases  with  increasing  strains. 

c)  As  the  number  of  cycles  increases  (Figure  12)  the  secant  modulus 
Es  decreases. 


The  ratio  Esn/Esl  (Figure  12,  13)  is  a  measure  of  the  degrada¬ 

tion  of  the  soil  stiffness  and  is  defined  as  the  degradation  index  6. 
The  data  of  Idriss  et  al.  (1978)  showed  that  a  plot  of  log  Esn/Esi 
versus  log  N  was  a  straight  line  with  a  slope  of  -n.  This  implies  that 
Esn/Esl  could  be  related  to  the  number  of  cycles  N  by  a  power 
law  of  the  form: 


(12) 


xn  which  n,  the  slope,  is  defined  as  a  degradation  parameter.  Values  of 
n  were  found  to  range  from  0.05  to  0.25  for  soft  clays.  Idriss  et  al. 
found  that  n  increased  with  the  cyclic  strain  level  applied  to  the 
specimen,  that  n  was  essentially  independent  of  the  initial  confining 
pressure,  and  that  n  appeared  to  be  a  reasonably  unique  function  of  the 
cyclic  strain  over  a  fairly  wide  range  of  initial  water  contents  and 
confining  pressures. 


Equation  12  was  written  for  the  secant  modulus  Es,  the  cyclic 
modulus  Ec ,  and  the  resilient  modulus  Mr  (Figure  12,  13).  For  the 

secant  modulus  the  equation  becomes: 


E  -n 

— =  n  S6C  (13) 

Esl 

For  the  cyclic  modulus  (slope  of  the  reload  part  of  the  cycle)  and 
for  the  resilient  modulus  (slope  of  the  unload  part  of  the  cycle)  the 
Idriss  model  becomes: 


E  -n 

cn  „  eye 

^'N 


(14) 
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Varioui  type*  o (  Cyclic  Moduli  o»er  N  ■  cycle* 


Retaking  Model  : 


E.  _ 
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Fig.  12 

Typical  Stress-Strain  Curve 
with  Cycles 


Fig.  13 

Resulting  Cyclic  Model  Plots 
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where:  E  and  Ec^  are  Che  cyclic  moduli  of  the  and  1st  cycle 

respectively.  M^n  and  Mr^  are  the  resilient  moduli  of  the  ntl>  and 
1st  cycle  respectively,  and  n(.yC  and  n  res  are  the  cyclic  exponents  for 
the  cyclic  and  resilient  moduli,  respectively. 

A  plot  of  log  Esn/Esi  versus  log  N  yields  the  cyclic  exponent 
nStJ.  as  the  slope  of  the  line  (Figure  13).  Similar  plots  for  the 
cyclic  and  resilient  moduli  yield  nCyC  and  nres*  respectively. 


5.2  Obtaining  Moduli  froa  Pavement  Pressuremeter  Tests 

It  is  possible  to  run  the  pavement  pressuremeter  test  so  that  many 
of  the  loadings  encountered  at  airports  can  be  simulated.  Each  portion 
of  the  a.roort  pavement  is  subjected  to  different  loading  conditions. 
The  r.nway  is  subjected  to  two  dynamic  loads,  the  impact  load  during 
landing  plus  the  cyclic  loading  from  high  speed  passage  of  the  aircraft. 
The  taxiway  is  subjected  to  dynamic  loads  resulting  from  aircraft  speeds 
of  about  20  mph  (32  kmh).  The  apron  or  parking  area  is  subjected  to 
dynamic  loads  which  results  from  speeds  of  about  5  mpn  (8  kmh)  plus 
static  loads  which  occur  during  parking  of  the  aircraft.  To  simulate 
the  effect  on  the  modulus  due  to  various  size  aircraft,  the  stress  level 
and  strain  level  at  which  the  modulus  is  obtained  in  a  pressuremeter 
test  can  be  controlled.  To  simulate  the  effects  on  the  modulus  from 
load  repetitions  encountered  on  the  runways  and  taxiways  it  is  possible 
to  conduct  a  number  of  unload-reload  cycles  at  any  time  during  the  ?PM7 
test.  To  simulate  the  effects  on  the  modulus  from  various  rates  and 
creep  loads  it  is  possible  to  maintain  a  constant  stress  during  the  PPMT 
test  over  any  length  of  time.  The  models  described  in  section  5.1  were 
adapted  to  the  PPMT  test  and  are  described  below. 

The  first  model  considered  is  the  strain  model  (Eq.  6).  The 
parameters  to  be  obtained  are  a  and  b.  This  can  be  done  by  measuring 
moduli  (E)  for  various  values  of  the  strain.  In  the  pressuremeter  test, 
moduli  values  are  obtained  from  the  slope  of  unload-reload  loops  (Figure 
14).  The  relative  increase  in  cavity  radius  is  £RC/RC  (Figure  14). 

By  definition  the  hoop  strain  c  in  the  soil  at  the  cavity  wall  is: 

6  0 


c 


66 


(16) 


where  u  is  the  radial  replacement.  Since  the  radial  displacement  (u)  is 
the  increase  in  cavity  radius  / Rc ,  the  strain  can  be  written  as: 
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66 
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R 
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(17) 
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Origin 

corresponds  to  R< 


Fig  I* 

Definition  Sketch  for  Establishing  the  Radius  of  the  Cavity  for  PPMT  Tests 


The  incremental  hoop  scrain  for  an  unload  reload  loop  is  (Figure  14): 


The  initial  radius  of  the  cavity  Rco  is  calculated  from  (Figure 


R  -  R  +  x  R 

CO  O  UJ  0 


where  R0  is  the  radius  of  the  deflated  probe,  and  (aR/R<>)c  i* 
obtained  as  shown  on  Figure  14.  The  current  radius  of  the  cavity  Rc 


R  -R  +  ff£ 
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Then  the  increase  in  cavity  radius  is: 


AR  «  R  -  R 
c  c  co 


Using  the  above  equation  it  is  therefore  possible  to  calculate  the  hoop 
strain  at  any  point  during  the  test  by  using  the  pressuremeter  curve 
(Figure  14).  Note  that  in  elasticity,  the  hoop  strain  r  is  equal  to 
the  radial  strain  err  (Baguelin  et  al.  1978).  13 

By  performing  unload-reload  loops  over  several  strain  ranges  (Fig¬ 
ure  18a),  several  values  of  E  corresponding  to  several  values  of  e ^  can 
be  obtained  by  (Briaud  et  al.  1986): 


E  =  (1+v) 


(  “iV  f  4R2 

1+  — -)  +  1 1  +-r-£ 


V  V 
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where  L  Rj  and  AR2  are  the  increases  in  probe  radii  at  the  beginning 
and  end  of  the  unload-reload  loop  (Figure  14),  c  „  and  °rrl 
are  the  radial  stresses  at  the  cavity  wall,  at  the  top  an§  bottom  of  the 
unload-reload  loop,  respectively  (Figure  14),  v  is  Poisson's  ratio 
(assumed  to  be  0.33  in  all  cases),  and  R0  is  the  initial  radius  of  the 
probe. 

The  strain  Cgg.  is  the  hoop  strain  at  the  wall  of  the  soil  cavity.  The 
modulus  (or  E  in  Eq.  22)  is  the  average  modulus  measured  in  the 
soil  mass.  Therefore,  egg  does  not  correspond  directly  to  E  ^  and  must 
be  corrected  to  represent  the  average  c$g  in  the  soil  mass,  X~\)  •  This 


pri'T  rrrivr  rrivr, 


can  he  done  approximately  from  the  following  «*<juatioi  (set*  Appendix  F 
for  derivation): 


bb 


=  0.32  t, 


(23) 


Then  each  loop  yields  one  set  of  tgg  and 


tpg  then  gives,  by  regression,  the  values  of  a 
model  (Figure  16). 


plot  of  1/Eyqa  versus 
and  b  for  the  strain 


The  second  model  is  the  stress  Model  (Eq.  9).  The  parameters 
to  be  obtained  are  K£  and  n.  This  can  be  done  by  measuring  E  for 
various  values  of  the  stress  level.  In  the  pressuremeter  test,  moduli 
values  are  obtained  from  the  slope  of  unload-reload  loops.  By 
performing  those  unload-reload  loops  at  several  stress  levels,  but  over 
the  same  strain  range  (Figure  17)  several  values  of  E  corresponding  to 
several  values  of  0  can  be  obtained.  The  mean  normal  stress  (C),  is  the 
average  of  the  average  radial  stress  (crrr)  within  the  soil  mass  plus 


the  average  hoop  stress  within 

the 

soi  1_ 

mass  (c  rr) 

plus 

the 

average 

vertical  stress  within  the  soil 

mass  (o 

2Z).  This  mean  normal 

stress 

is  expressed  as: 
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The  radial  stress  (orr)  exists 
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measured  during  the  PPMT  test. 
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mean 
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plastic  zone  of  the  soil  mass  is 

(Appendix 
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The  average  vertical  stress  o zz  is  taken  as: 


=  v  x  h 
zz 


(26) 


where  Y  is  the  total  unit  weight  of  the  soil,  h  is  the  depth  at  which 
is  calculated. 


zz 


Therefore,  the  mean  normal  stress  is  found  from  Eq.  24  to  26  as: 


0  *  -r  (0.8  o  +  yh) 
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where  c 

height 

modulus 


rr 


is  the  radial  stress  measured  by  the  pressuremeter 
through  the  loop  of  the  unload-reload  cycle.  The  corn 
(Eq.  22)  is  obtained  from  the  unload-reload  Loop  as  in 
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of  the  strain  model.  Then  each  Loop  yields  a  set  of  K,  and  m  values.  A 
plot  of  log  versus  log  O/pa  (Pa  is  the  atmospheric  pressure) 
gives,  by  regression,  the  values  of  K2  and  n  for  the  stress  model 
(Figure  18).  The  stresses  used  in  Eq.  27  are  total  stresses.  They  are 
also  effective  stresses  if  the  soil  is  unsaturated,  which  was  the  case 
in  this  study  and  is  most  often  the  case  for  airports,  or  if  the  soil 
drains  fast  enough.  For  saturated  silts  and  clays,  a  pore  pressure 
measurement  on  the  pressuremeter  membrane  and  an  assumption  of  the 
distribution  of  excess  pore  pressures  m  the  soil  mass  would  enable 
proper  use  of  Janbu's  model.  For  airport  pavements  on  saturated  silts 
and  clays  however  the  aircraft  loading  condition  represents  an  undrained 
behavior  of  the  soil. 

The  third  model  is  the  creep  or  rate  of  loading  Model  (Eq.  11). 


The  parameter  to  be  obtained  is  the  viscous  exponent 
can  be  done  by  maintaining  a  constant  pressure  in  the 
while  recording  the  increase  in  volume  of  the  cavity, 
modulus  ESt  is  calculated  from  the  slope  Sst 

to  an  elapsed  time  t  (Figures  19  &  20).  The  elapsed  time 
from  the  beginning  of  the  pressure  step.  The  secant 
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modulus  calculated 


using  Eq.  22).  A  plot  of  log 

log  t/tG  then  gives,  by  regression,  the  value  of 
21).  The  secant  modulus  ESq  is  the  reference 
from  the  slope  SSq  corresponding  to  an  elapsed  time  of  1  minute 
after  the  beginning  of  the  pressure  step  (t0).  This  time  of  1  minute 
was  chosen  because  research  has  indicated  that  the  variation  of 
Es^  prior  to  1  minute  can  be  erratic  (Briaud  et  al.  1986).  Note 
that  the  time  dependent  behavior  modeled  here,  is  the  result  of  creep 
only  for  the  case  of  unsaturated  soils  and  corresponds  to  the 
superposition  of  consolidation  and  creep  in  the  case  of  saturated 
soils. 
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origin  which  is  adjusted  to  the  radius  of  the  cavity  to  the  top  of  the 
(Figure  23).  The  cyclic  modulus  Ecn  is  calculated 
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5.3  Influence  of  the  Probe  Insertion  Technique 

The  pavement  pressuremeter  probe  can  be  inserted  into  the  base  and 
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Typical  PPMT  Stress  Level  Plot  Fig.  18  Resulting  PPMT  Stress  Model  Plot 


Fig,  19  Typical  PPMT  Creep  Plot  Depicting  Definitions 
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subgrade  layers  by  two  methods.  The  first  method  is  to  auger  a  1.35  in. 
(3.4  cm)  diameter  hole,  withdraw  the  auger  and  lower  the  probe  down  to 
the  bottom  of  the  hole.  The  second  method  is  to  drive  the  probe  to  the 
desired  test  depth  with  a  hammer.  Driving  is  convenient  in  certain 
granular  soils  which  may  cave  into  the  augered  hole.  In  a  separate  part 
of  this  study  a  series  of  tests  were  performed  to  compare  the  results 
obtained  with  the  driven  technique  to  those  obtained  with  the  augering 
technique  (Briaud,  et  al.  1986).  This  series  of  tests  was  also  per¬ 
formed  to  establish  the  methods  required  to  obtain  the  moduli  models 
from  the  pressuremeter  tests.  These  tests  were  performed  in  a  clay 
deposit  and  repeated  in  a  sand  deposit.  Figures  27  to  30  show  examples 
of  the  differences  in  pressuremeter  curves  obtained.  For  the  driven 
pressuremeter  test  the  deflated  volume  of  the  probe  has  an  influence  on 
the  shape  of  the  resulting  curve  and  on  the  parameters  calculated  from 
the  curve.  Indeed  this  zero  volume  can  be  such  that  the  inflatable  part 
of  the  probe  has  a  diameter  smaller,  equal  or  larger  than  the  diameter 
of  the  steel  cone  point  which  precedes  the  membrane  during  the  driving 
process  (Figure  1).  In  this  study  the  zero  volume  was  determined  by 
placing  the  1.27  in.  (3.27  cm)  diameter  probe  inside  a  1.30  in.  (3.30 
cm)  diameter  (ID)  thick  wall  steel  tube  and  inflating  the  probe  to  100 
psi  of  pressure.  Upon  deflation  the  zero  volume  was  determined  as  the 
volume  of  the  probe  when  it  was  first  possible  to  slide  the  probe  out  of 
the  steel  tube  by  hand. 

The  results  of  that  part  of  the  study  led  to  the  following  conclu¬ 
sions  : 

1.  The  augering  technique  yields  PPMT  results  which  are  more  con¬ 
sistent  and  is  preferred  in  all  cases. 

2.  If  augering  is  not  possible  as  is  the  case  of  caving  of  the 
hole  then  driving  is  permitted  but  the  parameters  must  be  transformed 
into  augering  parameters  by  using  the  relationships  presented  in  Table 
2. 


Pressure  on  Cavity  Wall 


Relative  Increase  in  Probe  Radius 


Relative  Increase  in  Probe  Radius 


Fig.  29 

Typical  Augered  PPMT  Test  on  Sand 


Fig,  30 

Typical  Driven  PPMT  Test  on  Sand 


PfMT  Tpct 

Sand 

Clay 

Model 

Driven  x  M  =  Prebored 

Driven  x  M  =  Prebored 

STANDARD 

E0  (kPa) 

Driven  x  0.403  =  Prebored 

Driven  x  0.971  =  Prebored 

Er  (kPa) 

Driven  x  0.397  *  Prebored 

Driven  x  0.794  =  Prebored 

pL  (kPa) 

Driven  x  0.360  =  Prebored 

Driven  x  0.855  =  Prebored 

STRAIN 

a  x  10”^  (kPa)”^ 

Driven  x  1.690  =  Prebored 

Driven  x  1.500  =  Prebored 

b  x  10 (kPa)"-'- 

Driven  x  5.130  =  Prebored 

Driven  x  1.050  *  Prebored 

STRESS 

k2 

Driven  x  0.980  =  Prebored 

Driven  x  1.270  =  Prebored 

n 

Driven  x  0.847  =  Prebored 

Driven  x  2.390  *  Prebored 

CREEP 

n  crp 

Driven  x  1.040  =  Prebored 

Driven  x  1.280  *  Prebored 

CYCLIC 

Power  Law 

n  qpr 

Driven  x  0.838  =  Prebored 

Driven  x  1.100  =  Prebored 

n 

eye 

Driven  x  0.901  =  Prebored 

Driven  x  0.476  =  Prebored 

6.  PAVEMENT  PRESSUREMETER  TESTING  PROCEDURE  AND  TEST  DATA 


6.1  Paveaent  Pressuremeter  (PFMT)  Testing  Procedure 

The  procedures  described  in  Section  5.2  require  one  type  of  PPMT 
test  for  each  of  the  4  modulus  models.  This  is  not  convenient  for  air¬ 
port  pavement  as  it  would  take  too  much  time.  Instead  a  test  procedure 
had  to  be  developed  so  that  in  one  pressuremeter  test  all  four  moduli 
models  could  be  established;  strain  level  model,  stress  level  model, 
repetitive  load  model,  rate  of  loading  model. 

The  proposed  PPMT  test  procedure,  followed  in  this  study  (Figure 
31)  consisted  of  the  following  step  by  step  procedure: 

1.  Saturate  the  probe,  check  it  for  leaks,  determine  the  zero  volume 
and  expand  it  3  times  to  work  the  rubber  membrane  (Roctest  1985). 

2.  Conduct  a  membrane  resistance  calibration  to  quantify  the  resistance 
expected  from  the  membrane  during  expansion  (Figure  31).  This  is 
done  by  expanding  the  probe  in  the  air  while  recording  the  pressure 
and  the  volume. 

3.  Conduct  a  system  comp ress ibi 1 i ty  calibration  t)  mea' jre  the  expected 
compressibility  of  the  system  during  expansion  (Figi.re  31).  This  is 
done  by  sliding  the  probe  into  a  tight  fitting  steel  tube,  then 
expanding  it  while  recording  the  pressure  and  the  volume. 

4.  Core  a  1.5  in.  (3.7  cm)  diameter  hole  through  the  pavement  surface 
and  hand  auger  a  1.35  in.  (3.4  cm)  diameter  hole  down  to  the  first 
testing  depth.  The  1.35  in.  (3.4  cm)  diameter  hand  auger  is  made  of 
a  bit  shaped  like  those  used  for  wood  cutting.  Only  if  hand  augering 
i not  possible  should  the  probe  be  driven. 

5.  P.ace  the  center  of  the  expandable  part  of  the  probe  at  the  desired 
test  depth. 

6.  Conduct  the  pavement  pressuremeter  test  by  inflating  the  probe  with 

water  in  equal  volume  increments  lasting  15  seconds  each.  It  is 
recommended  that  the  volume  increments  be  5  cm-^.  The  field  curve 
is  obtained  by  recording  the  pressures  and  the  volumes  at  the  end  of 
each  15  second  increment  as  the  volume  is  increased.  Ten  cycles  are 
performed  near  the  end  of  the  elastic  or  straight  line  portion  of 
the  raw  field  curve,  where  the  pressure  is  p  (Figure  31).  The  end 
of  the  straight  line  portion  of  the  curve  is  determined  during  the 
test  bv  recording  the  increase  in  volume  LV  and  the  corresponding 
increase  in  pressure  ;  p.  The  end  of  the  straight  line  is  found  when 
the  ratio  hp/.'.V  starts  to  decrease.  Cycles  are  carried  out  between 
p  and  1/2  p  (Figure  31).  Each  unloading  step  or  reloading  step 

lasts  15  seconds.  Once  the  cycles  are  completed,  two  or  three  5 
cm’  volume  increments  are  applied,  and  then  a  5  minute  creep  test 
is  conducted  with  pressure  readings  taken  every  15  seconds  (Figure 
31).  Following  the  creep  test,  the  expansion  of  the  probe  is 
completed  to  about  1.25  times  its  original  volume  (for  the  PPMT  used 
this  requires  inputmg  120  cc  (7.3  ci)  of  water)  or  until  the  limit 
of  the  pressure  gauge  is  reached.  At  this  point  the  probe  is 
deflated  using  the  following  decrements,  each  lasting  15  seconds: 


0.5,  1.0,  2.0,  5.0  and  10  cc  (.03,  .06,  .12,  .3  and  .6  ci)  down  to 
one-half  the  maximum  pressure  (Figure  31).  Once  this  point  is 
reached,  the  probe  is  inflated  by  injecting  0.5  cc  (.03  ci)  and  then 
deflated  by  withdrawing  0.5  cc  (.03  ci)  to  complete  the  test  (Figure 
31). 

7.  Deflate  the  probe  and  remove  it  from  the  augered  hole.  Advance  the 
hole  with  the  hand  auger  to  the  next  testing  depth.  Place  the  probe 
at  the  next  test  depth  and  carry  out  a  new  test.  The  tests  are 
usually  run  every  foot  starting  immediately  below  the  surface  course 
to  a  depth  of  5  feet. 

6.2  Paveaent  Pressuremeter  Test  Data  Reduction 

Once  the  raw  pressuremeter  data  is  recorded  the  pressures  and 
volumes  must  be  corrected  to  compensate  for  four  items:  membrane  stiff¬ 
ness,  system  compressibility,  hydraulic  head  between  the  measuring  unit 
and  the  probe  and  initial  pressure  in  the  system  before  insertion  of  the 
probe  into  the  borehole. 

6.2.1  Meabrane  Resistance  Correction 

This  correction  takes  into  account  the  resistance  due  to  the  rubber 
membrane  and  the  protective  metal  sheeting.  The  membrane  resistance  may 
be  obtained  by  placing  the  probe  at  the  height  of  the  pressure  gage  on 
the  control  unit  and  inflating  the  probe  in  the  air  with  water,  using 
equal  volume  increments  each  lasting  15  seconds,  to  full  expansion.  A 
typical  membrane  resistance  curve  is  shown  in  Figure  31.  This  pressure 
must  be  subtracted  from  the  raw  pressure  on  the  pressuremeter  curve 
since  it  is  not  Dart  of  the  soil  resistance.  A  special  problem  occurs 
due  to  the  cyclic  loading  during  the  actual  PPMT  test.  The  cyclic 
loading  causes  different  effects  on  the  membrane  correction  than  the 
monotomc  loading.  Figure  32  shows  a  typical  membrane  correction  curve 
with  cycles.  In  the  case  of  cyclic  tests  an  average  membrane  resistance 
curve  is  used  as  shown  on  Figure  32. 

6.2.2  System  Compressibi lity  Correction 

The  system  compressibility  includes  expansion  of  the  tubing,  com- 
pressibility  of  the  probe  and  of  the  inflating  fluid.  This  calibration 
is  performed  by  pressurising  the  probe  inside  a  thick  walled  casing  up 
to  the  limit  of  the  gage  pressure.  Depending  upon  the  size  of  the  steel 
casing,  the  resulting  curve  may  require  adjustment  for  the  probe  having 
to  seat  itself  against  the  casing  wall.  This  adjustment  is  depicted  in 
Figure  33.  As  in  the  case  of  the  membrane  calibration,  cyclic  loading 
causes  different  effects  on  the  system  compressibility  than  monotonic 
loading.  Inis  effect  is  shown  in  Figure  34.  To  decrease  the  error 
associated  with  ignoring  these  differences,  an  average  curve  may  be 
input  for  the  system  compressibility  (Figure  34).  After  this  curve  is 
chosen  the  resulting  adjusted  curve  is  the  volume  calibration  curve 
shown  in  Fieure  31-  It  is  assumed  that  the  steel  casing  does  not  expand 
under  the  pressures  imposed  by  the  pressuremeter  and  therefore  that  the 


Fig.  34  Cyclic  Effects  on  the  Volume  Calibration 
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Note  :  the  E  values  shown  next  to 
each  slope  indicate  that  this  slope 
is  used  together  with  Eq  2  2  in  order 
to  obtain  the  modulus  E.  The  slope 
itself  is  not  the  modulus  E. 
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Relative  Increase  in  Probe  Radius  dR/R0  (%) 
Fig.  35  Definitions  for  Airport  PPMT  Test 


volume  increase  read  in  this  calibration  does  not  correspond  to  any 
expansion  of  the  probe.  Therefore,  this  additional  volume  must  be  sub¬ 
tracted  from  the  raw  volume  on  pressuremeter  curve. 


6.2.3  Hydrostatic  Pressure  Correction 

The  raw  pressuremeter  curve  must  also  be  corrected  for  the  hydro¬ 
static  pressure  developed  inside  the  probe  by  the  height  of  the  column 
of  fluid  between  the  control  unit  and  the  probe  at  the  test  depth.  This 
pressure  is  exerted  on  the  probe  but  is  not  registered  by  the  pressure 
gage,  and  is  therefore  added  to  the  raw  pressuremeter  curve. 

o.2.4  Correction  for  Initial  Gage  Pressure 

'he  pressure  gage  does  not  always  read  zero  when  the  probe  is  at 
rhe  gige  height  (i.e.  top  of  control  unit)  and  at  atmospheric  pressure. 
This  initial  gage  pressure  may  be  due  to  such  things  as  gage  error,  tem¬ 
pera  tire  changes,  or  inflation  of  the  membrane  to  reach  an  initial 
volume  fVQ) .  This  error  may  be  corrected  by  zeroing  the  pressure  gage 
prior  to  each  test,  but  this  is  not  always  practical.  This  pressure  is 
subtracted  from  the  raw  pressure  on  the  pressuremeter  curve  so  tnat 
re-zeroing  of  the  pressure  gage  is  not  necessary  before  each  test. 

The  complete  correction  process  is  accomplished  for  each  point  on 
the  raw  pressuremeter  curve  as  follows: 


P  +  P.  -  P.  (28) 

chi 

V  (29/ 
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where  Pcor-  is  the  corrected  pressure  exerted  on  the  soil,  Pr  is 
the  raw  pressure  read  on  the  gage  during  the  test,  Pc  is  the  pressure 
correction  due  to  membrane  stiffness,  P^  is  the  hydrostatic  pressure 
correction  =  H  x  y,  H  is  the  distance  from  the  pressure  gage  to  the 
center  of  the  probe  and  y  is  the  unit  weight  of  the  inflating  fluid, 
Px  is  the  initial  pressure  reading  when  the  probe  is  at  gage  height, 
Vcorr  1 s  the  corrected  volume  increase  of  the  probe,  Vr  is  the 
raw  volume  increase  read  during  the  test  and  Vc  is  the  volume  due  to 
system  compressibility. 

The  correction  process  is  performed  automatically  by  the  program 
AIRPRESS  written  for  this  purpose.  This  is  a  microcomputer  program 
which  is  described  in  Appendix  C.  Once  the  data  is  corrected,  the 
corrected  curve  is  plotted  as  pressure  on  the  cavity  wall,  Pcorr> 
versus  relative  increase  in  probe  radius,  dR/R0,  in  percent.  These 
axes  are  preferred  to  the  PCorr  versus  ^corr  axes  because 


P  =  P  - 
corr  r 


V  =  V  - 
corr  r 
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the  results  for  all  types  of  pressuremeters  to  be  normalized  and  there¬ 
fore  compared. 


6.2.5  Modulus  Calculations 


The  modulus  is  calculated  between  two  points  on  the  pressuremeter 
curve  (Figure  14): 
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where  ^  and  *  R2  are  the  increases  in  probe  radii  for  the  points 
considered,  RQ  is  the  initial  radius  of  the  probe,  and  ?rr}  and  orr2 
are  the  pressures  against  the  cavity  wall  for  the  two  points  considered 
(Figure  14).  Using  this  equation  moduli  can  be  calculated  between  any 
two  points  on  the  pressuremeter  curve  (Figure  35). 


6.2.6  Limit  Pressure  Estimation 


The  limit  pressure  p^  is  defined  as  the  pressure  at  an  inflation 
equal  to  twice  the  initial  cavity  volume.  This  pressure  may  be  esti¬ 
mated  by  extrapolating  the  corrected  pressure  versus  dR/R0  curve.  As 
an  example  for  the  PPMT,  the  initial  volume  of  the  probe  is  about  20C  cc 
(12.2  in-^).  This  corresponds  to  an  initial  radius  R0  of  1.675  cm 
(0.66  in.).  If  the  initial  volume  is  doubled,  the  400  cc  (24.4  in. 3) 
volume  would  lead  to  a  value  of  41.4%  for  dR/R0.  Therefore  to  esti¬ 
mate  p|,  the  P  versus  dR/R0  curve  would  have  to  be  extrapolated  to 
dR/'R0  of  41.4%  and  the  corresponding  pressure  would  be  the  limit 
pressure.  Often  the  initial  cavity  volume  is  larger  than  the  initial 
volume  of  the  probe.  If  it  takes  20  cm3  for  the  probe  to  come  in 
contact  with  the  borehole  wall  then  the  initial  cavity  volume  is  220 
cm3;  twice  this  volume  is  440  cm3  or  240  cm3  Gf  water  injected 
into  the  probe.  Referring  to  Figure  14,  the  limit  pressure  p^  always 
corresponds  to  a  value  of  dR/R0  equal  to: 
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6.2.7  Strain  Calculations 


Calculations  of  the  hoop  strains  are  performed  as  detailed  in 
section  5.2.  The  hoop  strain  at  the  wall  of  the  cavity  can  be  calcu¬ 
lated  at  any  point  along  the  pressuremeter  p  versus  A  R/R0  curve  by: 


(32) 
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where  (_R/R0)C  is  che  relative  increase  in  probe  radius  which  corre¬ 
sponds  to  the  initial  size  of  the  cavity. 


6.3  Paveaent  Pressureaeter  Test  Results 


s 


The  PPMT  tests  are  reduced  such  that  the  following  base  course, 
subbase  and  subgrade  parameters  and  properties  are  obtained.  Refer  to 
Figures  35  to  37  for  definitions  and  for  examples  of  PPMT  test  plots. 


1. 


2. 


U. 


12. 


Poh 


E.  - 


PL 


- 


the  at  rest  horizontal  pressure  obtained  by  visually 
inspecting  the  initial  portion  of  the  curve  to  obtain  the 
point  of  maximum  curvature. 

obtained  from  the  slope  of  the  initial  straight  line  por¬ 
tion  of  the  curve  by  using  the  theory  of  elasticity  and  Eq. 
21. 

the  limit  pressure  of  the  soil  obtained  by  extrapolating 
the  p  versus  £R/R0  plot  to  twice  the  initial  cavity  volume 
( sec t ion  6.2.6). 

obtained  from  the  slope  of  the  unload  portion  of  the  first 
cycle  by  using  the  theory  of  elasticity  and  Eq.  22. 


5. 

nsec 

the  secant  exponent  for  the 

N-nsec  as  detailed  in  section  5.2. 

model 

Esn/^cl 

= 

6. 

r‘cyc 

the  cyclic  exponent  for  the 

N~ncyc  as  detailed  in  section  5.2. 

mode  1 

WEcl 

— 

7. 

nres 

the  resilient  exponent  for  the 

N~nres  as  detailed  in  section  5.2. 

model 

Hrn^r  1 

8. 

nc  rp 

the  creep  exponent  for  the 

(tt/t0)n  as  detailed  in  section  5.2. 

model 

^st/Eso 

n 

K2(— ) 

' 

9. 

ro 

1 

the  modulus  constant  for  the  stress  model  E  = 

as  detailed  in  section  5.2. 

pa 

10. 

n  - 

r.  n 

the  stress  level  exponent  for  the  model  E  =  Kn  ) 

as  detailed  in  section  5.2. 

Pa 

1 1  . 

a  - 

the  strain  level  intercept  for  the 

model 

1/E  =  a  +  be 

as 

detailed  in  section  5.2. 

b  -  the  slope  of  the  strain  level  model  1/E  =  a  +  be  as  detailed 
in  section  5.2. 
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POSSUM  KINGDOM  AIRPORT  IPK-2)  13 '-DEPTH  STANDARD  AIRPORT  TEST 

Fig.  36  Typical  Airport  Pressuremeter  Results  on  Sands 
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Fig.  37  Typical  Airport  Pressuremeter  Results  on  Clays 
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7.  FIELD  EXPERIMENTS 


7.1  Airport  Sites,  Soil,  and  Test  Prograa 

The  airport  locations,  the  type  of  pavements  and  the  subgrade  soil 
conditions  encountered  are  presented  in  this  section.  The  airports 
chosen  were  selected  on  the  basis  of  their  relative  size,  type  of  sub¬ 
grade  soil,  climate,  and  accessibility  from  Texas  A&M  University.  The 
airports  chosen  were  Easterwood  airport  in  College  Station  and  San 
Antonio  International  airport  which  have  clay  subgrades  and  Possum  King¬ 
dom  airport  which  has  a  sand  subgrade.  Figure  38  shows  the  general 
location  of  the  three  airports. 

The  field  testing  program  included  three  different  types  of  tests 
which  were  conducted  in  two  phases.  Phase  one  consisted  of  performing 
pressuremeter  tests  (PPMT)  at  one  foot  intervals  starting  at  the  top  of 
the  base  course  and  collecting  shelby  tube  samples  with  a  drill  rig  for 
the  cyclic  triaxial  (CT)  test.  Phase  two  consisted  of  performing  Fall¬ 
ing  Weight  Def lectometer  (FWD)  tests  in  the  vicinity  of  the  PPMT  tests 
and  the  sampling  hole.  The  PPMT  tests  and  the  sample  collection  were 
conducted  from  December  3  to  December  19,  1985.  The  FWD  tests  were 
conducted  from  March  25  to  March  26,  1986. 

7.1.1  Easterwood  Airport 

Easterwood  airport  is  located  in  College  Station,  Texas,  and  is 
part  of  Texas  A&M  University,  it  is  the  main  airport  for  the  Bryan/ 
College  Station  area  (Figure  39).  It  consists  of  three  runways  in  the 
standard  triangular  configuration  popularized  during  World  War  II.  The 
testing  area  is  located  on  an  apron  near  the  terminal.  The  pavement 
where  the  testing  was  conducted  consisted  of  6  inches  of  concrete  over  8 
inches  of  sand  and  gravel  over  a  stiff  to  hard  gray  high  plasticity  clay 
(USCS  classification  CH)(Figure  40).  The  clay  has  the  following  average 
properties  to  a  depth  of  10  feet:  total  unit  weight  y  t  =  124  pcf, 
water  content  =  16.3%,  plastic  limit  PL  =  19%,  liquid  limit  LL  = 
53%  and  undrained  shear  strength  from  pocket  penetrometer  Su  =  3240 
psf.  Figure  40  shows  the  pavement  and  subgrade  profile  with  relevant 
soil  parameters. 

The  location  of  the  field  tests  is  shown  in  Figure  41.  Phase  one 
began  on  December  3  and  was  completed  on  December  19,  1985.  Weather 
conditions  during  the  testing  varied  from  about  45  to  55°F  (7.2  to 
12.8°C).  The  concrete  pavement  was  cored  by  SMI,  Incorporated,  of 
Bryan,  Texas.  Thirteen  PPMT  tests  were  conducted  in  three  test  borings 
with  depths  as  shown  in  Figure  42.  SMI  also  collected  eight  undisturbed 
shelby  tube  samples  to  a  depth  of  10  feet  (3.05  m).  Phase  two  was  con¬ 
ducted  on  March  25,  1986.  It  consisted  of  FWD  testing  and  two  demon¬ 
stration  PPMT  tests  performed  in  a  fourth  test  boring.  The  FWD  tests 
were  conducted  by  Eres  Consultants,  Inc.,  from  Champaign,  Illinois.  The 
temperature  ranged  from  50  to  65®F  (10  to  18°C)  under  clear  skies.  FWD 
tests  were  performed  on  10  slabs  (Figure  41).  For  9  slabs,  4  different 
weights  were  dropped.  For  L  slab  the  highest  weight  was  dropped  24 
times  in  a  row. 
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Fig.  38  General  Airport  Locations 
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1.  LL  determined  from  One  Point  Liquid  Limit  Procedure  ASTM  D4318. 

2.  S„  =  Pocket  Penetrometer  Reading. 

3.  *  =>  Not  Applicable 

Fig.  40  Easterwood  Airport  Profile  with  Soil  Parameters 
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1.  Granular  Base  reported  to  be  10”  from  Construction  Drawings. 

Note:  The  PPMT  test  in  EA-2  directly  below  the  Granular  Base  could  not  be 
conducted  due  to  problems  from  augering  of  the  hole. 
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Fig.  42  Easterwood  Airport  Field  Testing  Grid 


7.1.2  San  Antonio  International  Airport 

San  Antonio  International  airport  is  located  .m  the  northeast  side 
of  San  Antonio,  north  of  the  intersection  of  M.S.  ?8l  and  Interstate  410 
(Figure  38).  The  airport  is  the  24th  largest  in  the  II. S.  There  are  two 
terminals  and  two  main  runways.  The  runways  are  in  an  L  shape  as 
depicted  on  Figure  43. 

The  airport  tests  were  conducted  on  the  air  cargo  apron  at  the 
parking  location  of  the  UPS  overnight  delivery  plane  west  of  Terminal  2 
(Figure  43).  The  pavement  tested  consisted  of  16  in.  (40.6  cm)  of  con¬ 
crete  overlying  6  in.  (15.2  cm)  of  asphalt.  The  subgrade  is  a  stiff  to 
very  stiff  gray  clay  (USCS  classification  CH)  ,  which  is  overlain  by  a 
thin  (2  in.;  5.1  cm)  granular  base.  A  profile  of  the  pavement  system  is 
shown  on  Figure  44.  The  clay  has  the  following  average  properties  to  a 
depth  of  10  feet:  total  unit  weight  =  126.2  pcf,  water  content  ..  c 
=  15.9",  plastic  limit  PL  =  23%,  liquid  limit  LL  =  43%  and  undrained 
shear  strength  from  pocket  penetrometer  Sa  =  3750  psf. 

A  plan  location  of  the  field  tests  is  shown  in  Figure  45.  Contracts 
were  let  to  Holes  of  San  Antonio,  for  coring  the  concrete  and  to  Raba- 
Kistner  Consultants  Inc.,  of  San  Antonio  for  obtaining  undisturbed 
shelby  tube  samples  for  the  cyclic  triaxial  testing.  So  as  not  to 
interfere  with  the  normal  operations  on  the  air  cargo  apron,  tests  had 
to  be  conducted  between  9:00  p.m.  and  6:00  a.m.  The  temperature  during 
both  phases  of  the  testing  varied  from  about  35  to  45°F  (1.7  to  7,2°C). 
Holes  of  San  Antonio  was  asked  to  drill  one  10  in.  (25.4  cm)  diameter 
hole  through  the  22  in.  thick  surface  course  for  the  sampling  operation 
of  Raba-Kistner  and  four  2  in.  (5.1  cm)  diameter  holes  for  the  PPMT 
testing.  Raba-Kistner  used  a  9  in.  (22.8  cm)  diameter  hollow  stem  auger 
to  obtain  9  snelby  tube  samples  (3  in.  diameter)  for  the  CT  tests. 
Eleven  ^’-’MT  tests  were  conducted  in  4  test  borings  (Figure  46).  Eres 
conducted  FWD  tests  similar  to  those  at  Easterwood  (Figure  45).  The  FWw 
tests  were  conducted  in  two  parts.  Part  one  consisted  of  testing  12 
slabs  by  dropping  4  different  weights  each  time.  Part  two  consisted  of 
repeating  the  highest  load  between  32  and  48  times  at  3  different 
locations. 

7.1.3  Possum  Kingdom  Airport 

Possum  Kingdom  airport  is  a  small  general  aviation  airport  located 
in  the  resort  community  of  Possum  Kingdom,  Texas  about  60  miles  (97  kM) 
west  of  Dallas/Fort  Wort  (Figure  38).  The  airport  consists  of  a  single 
runway,  two  small  taxiways  and  an  apron  area  (Figure  47).  The  asphalt 
pavement  consists  of  2  inches  of  asphalt  over  about  4  in.  (10  cm)  of 
gravel  and  approximately  10  ft  (3.7  m)  of  compacted  sand  (Figure  48). 

The  airport  tests  were  conducted  on  the  southernmost  taxiway  (Fig¬ 
ure  47).  A  plan  location  of  the  field  tests  is  shown  in  Figure  49.  The 
temperature  varied  from  35  to  45°F  (2  to  7°C)  with  overcast  morning 
skies  and  clear  afternoon  skies.  Southwestern  Laboratories  from  Dallas 
was  contracted  to  try  to  obtain  undisturbed  shelby  tube  samples  of  the 
sand  subgrade.  Ten  shelby  tube  samples  were  attempted  in  one  foot 


Runway  3-21 


Fig.  43  San  Antonio  International  Airport 


Description 


Description 

Total  Unit 
Weight 
(7.) 

(pcf) 

Water 

Content 

We 

(%) 

Liquid 

Limit 

LL 

(%) 

Plastic 

Limit 

PL 

(%) 

Undrained 
Shear  Strength 

s» 

(psf) 

0  to  1.33’ 
Concrete 

145 

* 

* 

* 

* 

1.33  to  2.0’ 
Asphalt  Concrete 

140 

* 

* 

* 

* 

2.0  to  4.0’ 

Stiff,  Gray 

CLAY  (CL) 

122.0 

19.0 

43 

23 

2500 

>  4.0’ 

Very  Stiff,  Tan  &  Gray 
CLAY, 

Tk-ace  of  Organics 

127.0 

17.8 

43 

23 

1.  LL  determined  from  One  Point  Liquid  Limit  Procedure  ASTM  D4318. 

2.  5U  =  Pocket  Penetrometer  Reading. 

3.  *  =>  Not  Applicable 


Fig.  44  San  Antonio  International  Airport  Profile  with  Soil  Parameters 
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Note:  The  PPMT  test  in  SA-2  directly  below  the  Granular  Base  could  not 
be  conducted  due  to  problems  from  augering  of  the  hole. 


Possum  Kingdom  Airport 


Description 


Total  Unit  Water 
Weight  Content 

(7t) 

(pcf)  (%) 


0  to  2” 

Asphalt  Concrete 

145  * 

i 

2  to  4” 

Granular  Base 

130  * 

4”  to  4.0’ 

Brown  SAND  (SC) 

i 

110.0  4.0 

Not  Applicable 


Fig.  48  Possum  Kingdom  Airport  Profile  with  Soil  Properties 
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Q  -  FWD  Tests  0  -  Repeated  FWD  Tests  at  24,000  lbs. 

A"  PPMT  Tests 

Fig.  49  Possum  Kingdom  Airport  Field  Testing  Grid 


intervals.  Inly  four  samples  contained  enough  material  for  CT  tests  and 
c  1  as s i r icat ion  tests.  A  sieve  analysis  was  performed  on  the  sand  (Fig¬ 
ure  50)  and  led  to  the  USCS  classification  of  SC.  The  average  water 
content  (  .  )  was  10%  and  the  average  total  unit  weight  (7t)  was  114 
pcf.  In  addition  8  PPMT  tests  were  conducted  (Figure  51).  Based  on  the 
limit  pressures  (p^)  from  the  pressuremeter  the  sand  was  dense  with  an 
estimated  Standard  Penetration  Test  (SPT)  blow  count  of  50  blows  per 
foot . 

Eras  Incorporated  conducted  the  FWD  tests  (Figure  49).  The  tests 
were  conducted  on  March  26,  1986.  Weather  conditions  during  the  FWD 

test  varied  from  about  40  to  55°F  (4  to  10°C)  with  clear  skies.  The  FWD 
testing  program  was  conducted  in  two  parts.  Part  one  consisted  of 
performing  FWD  tests  at  20  locations  by  dropping  three  weights  each 
time.  Part  two  consisted  of  performing  repeated  FWD  tests  at  2 
locations  by  dropping  one  weight  24  times  at  each  location  (Figure  49). 

7.2  Pavement  Pressuremeter  (PPMT)  Test  Results 

The  PPMT  tests  are  reduced  such  that  the  following  base  course, 
subbase  and  subgrade  parameters  and  properties  are  obtained.  Refer  to 
Figures  14  to  30  and  Figure  35  for  definitions  and  for  examples  of  PPMT 
test  plots. 

1.  p  .  ~  the  at  rest  horizontal  pressure  obtained  by  visually  inspect- 

on  ing  the  initial  portion  of  the  curve  to  obtain  the  point  of 
maximum  curvature. 

2.  E  obtained  from  the  slope  of  the  initial  straight  line  portion 

of  the  curve  by  using  the  theory  of  elasticity  and  equation 

22. 

3.  p^  -  the  limit  pressure  of  the  soil  obtained  by  extrapolating  the 

p  versus  i\R/R0  plot  to  twice  the  initial  cavity  volume  (2Vc). 

4.  E^  -  obtained  from  the  slope  of  the  unload  portion  of  the  first 

cycle  by  using  the  theory  of  elasticity  and  equation  22. 

5.  n  -  the  secant  exponent  for  the  model  Egn /Es]_ =  N  -nsec  as  detail¬ 

ed  in  section  5.2  (Figures  12,  13).  _n 

6.  n CyC  -  the  cyclic  exponent  for  the  model  Ecn/Eci  =  N  as 

detailed  in  section  5.2  (Figures  12,  13). 

7.  n  res  “  :ne  resilient  exponent  for  the  model  Mrn/Wri  =  N  res  as  de¬ 

tailed  in  section  5.2  (Figures  12,  13). 

8.  ncrp  “  c^e  creep  exponent  for  the  model  Est/Eso=  (t  / 1  )  crP  as 

detailed  in  section  5.2  (Figures  10,  11).  ° 

9.  K  the  modulus  constant  for  the  stress  model  E  =  K  (C/p  )  as 

detailed  in  section  5.2  (Figures  8,  9).  ^  a 

10.  n  -  the  stress  level  exponent  for  the  model  E  =  3S  ^e_ 

tailed  in  section  5.2  (Figures  8,  9). 

11.  a  -  the  strain  level  intercept  for  the  model  l/E  ■  a+bE  as  de¬ 

tailed  in  section  5.2  (Figures  6,  7). 

12.  b  -  the  slope  of  the  strain  level  model  l/E  *  a+be  as  detailed  in 

section  5.2  (Figures  6,  7). 


Fig.  50  Possum  Kingdom  Airport  Subgrade  Grain  Size  Analysis 


7.2.1  Easterwood  Airport  PPMT  Test  Results 


The  results  oi  toe  13  PPMT  tests  conducted  in  the  4  test  borings 
are  given  in  Table  3.  All  of  the  reduced  pavement  p  re  s  su  reine  t  e  r  curves 
and  the  PPMT  parameter  profiles  are  presented  in  Appendix  A  and  B.  All 
of  the  tests  at  Easterwood  were  conducted  in  prebored  holes  in  the  clay 
subgrade . 

The  testing  procedure  described  in  section  3.1  was  followed  for  the 
Easterwood  PPMT  tests  except  for  one  aspect.  The  procedure  required 
that  once  the  maximum  pressure  on  trie  cavity  wall  was  reached  (Point  B, 
Figure  40),  the  first  volume  decrement  should  be  0.5  cc  (0.03  ci).  The 
procedure  used  for  most  of  the  Easterwood  tests  was  to  unload  1  cc  (0.06 
ci)  (denoted  by  an  [*]  on  Table  3). 

Additional  PPMT  tests  •''test  boring  4)  were  conducted  on  March  23, 
1935  as  a  demonstration  for  the  clients  who  sponsored  the  project.  The 
PPMT  test  procedure  was  varied  curing  these  tests  in  order  to  conduct  a 
more  complete  denonscrat ion. 

7.2.2  Saa  Antonio  international  Airport  PPMT  Test  Results 

The  results  of  the  11  PPMT  tests  conducted  in  the  4  test  borings 
are  given  m  Table  4.  All  of  the  reduced  pavement  pressuremeter  curves 
and  the  PPMT  parameter  profiles  are  presented  in  Appendix  A  and  B.  For 
one  test  the  probe  was  driven  into  the  subgrade  while  the  remaining 
tests  were  conducted  in  prebored  noles  in  the  subgrade.  For  the  driven 
PPMT  test,  the  slope  used  for  calculating  E0  was  the  slope  given  by 
the  first  few  data  points  (Appendix  A).  For  all  calculations  the  origin 
of  the  pressuremeter  curve  (point  A  on  Figure  35)  was  taken  as  the 
intersection  of  the  horizontal  axis  (uR/R0)  and  the  extrapolation  of 
the  slope  used  tor  the  E0  c .» .  c  u  la  t  i  on  . 

7.2.3  Possua  Kingao*  Airport  PPMT  Test  Results 

A  summary  of  tne  1  PPMT  tests  in  the  3  test  borings  is  given  in 
Table  5.  All  of  tne  rei^ced  pavement  pressuremeter  curves  and  the  PPMT 
parameter  profiles  are  or aseoten  : n  Appendix  A  and  3.  Four  tests  were 
conducted  by  driving  the  probe  into  place  and  four  tests  were  conducted 
l n  prebored  holes  in  tne  san.i  subgrade .  Driving  was  used  first  because 
it  was  thought  that  the  hole  would  collapse  if  hand  augermg  was  used. 
Later  it  was  discovered  that  hand  angering  was  possible. 


7.3  Cyclic  Triaxial  (CT)  Test  Results 

7.3.1  Cyclic  Triazial  Test  Equipment  and  Procedure 

The  cyclic  triaxial  test  (Barker  and  Brabston  1975)  is  a  laboratory 
test  performed  on  cylindrical  soil  samples  placed  in  a  cell.  The  sam¬ 
ples  are  either  undisturbed  or  remolded  depending  on  the  soil  type  and 
the  sampling  equipment  used.  The  objective  of  the  test  is  to  determine 
a  resilient  modulus,  Mr  bv  performing  unload-reload  cycles.  The 
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Table  J 

Has!«Twoo(l  Airport  PPMT  Summary 


Table  4 

San  Antonio  International  Airport  PPMT  Summary 
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resilient  modu'.  is  is  defined  as  the  slope  ol  the  mi  load  portion  ■  >  i  !  he 
cycles  on  a  plot  of  dev  i  at  or  stress  (  \-j )  versus  .  i  .<  i  il  sti.iio  (  t  )  . 

Ln  order  to  run  cyclic  triaxial  tests  for  the  e  vi !  u.i  t  i  on  ot  in 
existing  airport  pavement,  field  samples  of  the  materials  supporting  the 
pavement  must  be  obtained.  The  field  samples  are  normal Iv  obtai  ied  m 
either  an  undisturbed  state,  using  shelby  tub  samplers,  or  a  disturbed 
state,  by  any  conventional  soil  sampling  technique.  This  normally 
involves  drilling  a  hole  through  the  existing  pavement  to  the  subgrade 
and  obtaining  the  samples  in  the  subgrade.  If  disturbed  samples  are 
recovered  m  the  field  they  are  reconstructed  to  their  evaluated  m 
place  density  and  water  content  in  the  laboratory.  To  begin  the  labora¬ 
tory  testing  the  sample  is  placed  in  the  cyclic  triaxial  cell  (Figures 
52  &  53).  The  confining  pressure  '3  is  applied.  The  vertical  axial 
load  is  increased  thereby  increasing  the  deviator  stress  oj.  Then  200 
un 1 oad- re  1 oad  cycles  are  applied.  At  the  same  time  the  vertical  strain 
v  is  measured  using  a  Linear  Variable  Differential  Transducer  (LVDT) 
which  records  the  change  in  length  of  the  sample  during  each  cycle  (i.e. 
between  points  A  and  B  on  Figure  52).  The  LVDT  is  held  in  place  by  2 
spring  loaded  clamps  which  are  shown  on  Figure  52  and  detailed  in  Figure 
53. 


For  cohesive  soils  -3  is  maintained  constant  throughout  the  test. 
The  deviator  stress  cj  is  first  increased  to  a  chosen  value  and  200 
cvoles  between  0  stress  and  : ^  are  applied  while  recording  cv.  Then 
-fj  is  increased  to  a  second  val  ie  and  another  200  cycles  are  applied. 
This  sequence  continues  until  failure  is  reached  (Figure  54). 

For  cohesionless  soils,  the  procedure  for  cohesive  soils  is 
reseated  for  each  chosen  value  at  03  (Figure  55).  The  reason  for 
varying  -3  .n  cohesionless  soils  is  that  Mr  is  sensitive  to  the  mean 
normal  stress  ,  while  for  cohesive  soils  Mr  depends  mamlv  on  (j 
(Barker  and  Brabston  1975). 


It  is  important  to  point  out  tnat  many  more  problems  were  encounter¬ 
ed  daring  the  cyclic  triaxial  testing  program  than  m  either  the  PPMT  or 
FWT)  testing  urograms.  Tne  complicated  nature  of  the  CT  equipment  and 
procedures  led  to  problems  with  the  electrical  and  hydraulic  equipment 
as  well  as  with  the  sample  preparation.  Some  of  the  typical  electrical 
problems  were: 

a'  shorts  in  the  L.near  Variable  Differential  Transducers  (LVDT\ 
b)  snorts  in  the  continuous  feed  two  pen  plotter  used  to  record 
the  loads  and  the  displacements,  and 
c<  complicated  electrical  input  of  the  square  wave  loading  at  the 
start  of  each  test. 


Some  of  the  tvpical  hydraulic  problems  were: 

a)  variable  pressures  m  the  hydraulic  line,  causing  the  zero  load 
point  to  drift,  and 

b)  leakage  of  the  hydraulic  fluid  due  to  worn  connections. 


Fi£.  =>2  Cvriic  Tnaxjal  i  CT i  C«*il  'from  Barker  and  Brabston  1975) 


TOTAL  STRAIN  X  100  (in/in) 


The  problems  with  sample  preparation  varied  somewhat  with  the  type  of 
sample.  For  the  clay  the  most  common  problems  were: 


) 

J 


a)  proper  extrusion  and  trimming  of  the  specimen, 

b)  movement  of  the  LVDT  clamps  as  the  triaxial  cell  was  lowered 

onto  the  base  plate.  This  occurred  due  to  the  limited  clear¬ 
ance  between  the  inside  of  the  cell  and  the  edge  of  the  LVDT 

clamps,  and 

c)  improper  alignment  of  the  loading  pistons  and  specimens  cap. 

For  the  sand  samples  the  most  common  problems  included  b  and  c  for  the 
clay  samples  plus  the  following: 

a)  Remolding  the  sample  to  its  in  situ  state  was  extremely 
difficult  and  time  consuming. 

b)  Attaching  the  vacuum  to  the  sample  in  order  to  place  the  LVDT 
and  LVDT  clamps  onto  the  sample  resulted  in  further  disturbance 
of  the  remolded  sample. 

c)  At  the  lower  deviator  stresses  the  amount  of  movement  of  the 
LVDT  was  so  small  that  the  continuous  feed  two  pen  plotter 
would  not  indicate  any  movement. 


7.3.2  Cyclic  Triaxial  (CT)  Test  Results  for  the  Three  Airports 

Each  sample  was  2.8  in.  (7.1  cm)  in  diameter  and  6  in.  (15.2  cm)  in 
length.  Two  hundred  load  repetitions  were  applied  at  each  deviator 
stress  (  level. 

Figure  56  is  a  conceptual  plot  of  a  cyclic  triaxial  test.  The  CT 
parameters  obtained  during  this  study  are  listed  below  (Figure  56). 


1.  E  secant  modulus  obtained  from  the  slope  of  the  line  join- 

i  ing  the  origin  of  the  stress-strain  curve  to  the  top  of 
the  iCfl  cycle. 

2.  E  -  cyclic  modulus  obtained  from  the  loading  part  of  the 

Ci  unload-reload  loop  of  the  i1"*1  cycle. 

3.  M  -  resilient  modulus  obtained  from  the  unloading  part  of  the 

Ci  unload-reload  loop  of  the  i^  cycle. 

4.  The  exponents  n  *  nc  c  anc*  nr  s  ^or  t'ie  corresponding  Idriss 

cyclic  molu^i  models  are  r?ound  us  ing  the  same  procedure 
as  for  the  PPMT  tests. 


For  Easterwood  airport,  6  CT  tests  were  conducted  on  the  shelby 
tube  samples  taken  from  the  test  boring.  The  results  are  presented  in 
Table  6.  Even  though  10  shelby  tube  samples  were  taken  from  the  test 
boring,  results  from  only  6  tests  are  presented,  since  insufficient 
sample  recovery  and  the  equipment  problems  stated  above  prevented  test¬ 
ing  of  all  10  samples.  All  of  the  cyclic  triaxial  curves  and  parameter 
profiles  are  presented  in  Appendix  D. 


For  San  Antonio  International  airport,  7  CT  tests  were  conducted  on 
•ne  shelby  tube  samples  taken  from  the  test  boring.  The  results  are 
v-sei ted  in  Table  6.  Even  though  10  shelby  tube  samples  were  taken 
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Fig.  56  Definitions  for  Airport  CT  Test 


Airport 

Depth 

(ft) 

E.1 

(Ted) 

Mr * 
(ksf) 

*s3 

(ksf) 

(ksf) 

it' 

(ksf) 

Easterwood 

1 

408 

382 

0.14 

0.86*2.45 

154 

2 

419 

421 

0.28 

0.86*2.88 

188 

3 

326 

647 

0.48 

0.86-3.74 

174 

7 

852 

852 

1.01 

2.01-4.70 

470 

8 

7107 

1495 

1.15 

1.87-4.00 

400 

9 

957 

. 

957 

1.30 

1.38-3.65 

165 

Son  Antonio 

2 

967 

1111 

0.29 

0.43*5.20 

5.20 

3 

1048 

1029 

0.43 

0.86-6.70 

6.70 

4 

1625 

1548 

0.58 

2.10-9.98 

9.98 

5 

1550 

1243 

0.72 

3.60-8.30 

8.30 

7 

298 

298 

1.01 

2.20-14.80 

14.80 

8 

3098 

3098 

L15 

2.20-6.30 

6.30 

10 

1787 

1716 

1.44 

2.20-11.60 

11.60 

Possum 

0.5 

30100 

60252 

1.1*  2.9 

120-3.60 

5.47~ 

Kingdom 

1 

9561 

16289 

0.7-19 

0.72-4.40 

5.47” 

5 

14958 

14530 

0.7-4.3 

1.44-4.30 

5.47” 

_ 

6 

21390 

21390 

1. 1*4.3 

1.20-2.80 

5.47” 

Mil- 


*  -  detailed  plots  in  Appendix  D 

**  -  estimated  from  average  ^  values  of  oil  four  tests  on  sands. 

1.  E„  is  the  initial  modulus  from  first  deviator  stress  level  of  test. 

2.  Mr  is  the  first  resilient  modulus  from  first  deviator  stress  level  of  test. 

3.  Confining  Stress  during  test. 

4.  Deviator  stress  range  during  test. 

5.  Ultimate  Deviator  Stress  applied  to  sample  during  test. 

6.  Average  exponents  calculated  by  averaging  the  values  for  each  deviator  stress 


Table  6 

Airport  CT  Testing  Summary  * 
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from  the  test  boring,  results  from  only  7  tests  .ire  presented,  since 
insufficient  sample  recovery  and  the  equipment  probLems  stated  above 
prevented  testing  of  all  10  samples.  All  of  the  cyclic  triaxial  curves 
and  parameter  profiles  are  presented  in  Appendix  D. 

For  Possum  Kingdom  airport,  4  CT  tests  were  conducted  on  the  shelby 
tube  samples  taken  from  the  test  boring.  The  results  are  presented  in 
Table  6.  Even  though  10  shelby  tube  samples  were  taken  from  the  test 
boring,  results  from  only  4  tests  are  presented,  since  insufficient 
sample  recovery  prevented  testing  of  all  10  samples.  All  of  the  cyclic 
triaxial  curves  and  parameter  profiles  are  presented  in  Appendix  D. 

7.4  Falling  Weight  Def lectcmeter  (FWD)  Test  ResuLts 

7.4.1  Falling  Weight  Deflectoaeter  Equipment  and  Procedure 

The  Falling  Weight  Def lectometer  (Smith  and  Lytton  1983)  is  a  non¬ 
destructive  (NDT)  pavement  evaluation  device  delivering  an  impulse  force 
to  the  pavement  which  may  be  varied  to  simulate  different  vehicle  loads. 
The  trailer  mounted  Dynatest  Model  FWD  system,  used  in  this  research  is 
shown  in  Figure  57.  The  FWD  trailer  and  loading  plate  on  which  the 
weight  drops  exert  a  small  load  on  the  pavement.  This  load  varies  from 
3  to  18%  of  the  dynamic  load.  During  a  test  a  weight  is  lifted  to  a 
given  height  on  a  guide  system  and  then  dropped  to  simulate  a  single 
wheel  loading  on  the  pavement  (Smith  and  Lytton  1985).  By  varying  the 
mass  of  the  falling  weight  and/or  the  drop  height,  the  impulse  force 
exerted  on  the  pavement  can  be  varied.  The  duration  of  the  impulse 
force  is  about  0.2  seconds.  This  impulse  force  generates  a  deflection 
basin  as  shown  in  Figure  58.  The  geophones  used  to  measure  the 
deflections  are  spaced  at  known  distances  from  the  load. 

A  dynamic  force  ranging  from  1500  to  24,000  lbs  (6.7  to  106.8  kN) 
can  be  developed  by  varying  the  drop  heights  and  weights.  The  system  is 
equipped  with  four  mass  levels  weighing  110,  220,  440  and  660  lbs  (.5, 
1.0,  2.0  and  2.9  kN) .  By  varying  the  drop  heights  the  following  force 
ranges  can  be  achieved  for  the  four  mass  levels: 

1.  1500  to  4000  lbs  (7  to  18  kN)  with  the  110  lbs  (0.5  kN)  load 

2.  3000  to  8000  lbs  (13  to  35  kN)  with  the  220  lb  (1.0  kN)  load 

3.  5500  to  16,000  lbs  (25  to  70  kN)  with  the  440  lb  (2.0  kN)  load 

4.  8000  to  24,000  lbs  (35  to  105  kN)  with  the  660  lb  (2.9  kN)  load 

The  weights  are  raised  hydraulically  and  released  by  an  electronic 
signal.  The  weights  drop  onto  a  rubber  buffer  system  to  provide  a  load 
pulse  in  approximately  a  half-sine  wave  form.  This  rubber  buffer  system 
is  an  11.8  in.  (300  mra)  diameter  loading  plate.  The  impulse  load  is 
measured  using  a  strain  gage  load  transducer  (load  cell)  in  the  center 
of  the  loading  plate. 

The  deflections  are  measured  by  seven  velocity  transducers  mounted 
on  a  bar  and  lowered  on  the  pavement  surface  automatically  with  the 
loading  plate.  Their  locations  are  shown  on  Figures  58  and  59.  One  of 


82 


Fig.  59  Typical  Location  of  lioading  Plate  and  Geophones  for  FWI)  (from  Smitlrand  [>ytton  1983) 

(I  in  25.4  mm) 


the  seven  transducers  „s  located  at  the  center  of  the  Loading  plate. 

The  information  from  the  geophones  and  the  Load  cell  is  recordec  by 
a  Hewlett  Packard  Model  85  (HP-85)  computer.  Records  of  the  loads  and 
deflections  at  each  test  location  are  stored  on  a  paper  tape  and  mag¬ 
netic  cassette.  The  display,  the  printed  results  and  the  stored  data 
can  be  either  in  metric  or  English  units.  A  typical  set  of  results  is 
shown  in  Table  7 . 


The  normal  operation  sequence  for  a  field  test  is  to  move  the 
device  to  the  test  location  and  hydraulically  lower  the  loading  plate 
and  transducers  onto  the  pavement.  A  normal  test  sequence  is  then  com¬ 
pleted  by  using  four  drop  heights  of  a  chosen  weight.  The  HP-85  equip¬ 
ment  records  and  stores  the  data.  The  loading  plate  and  sensors  are 
then  hydraulically  lifted  and  the  device  is  ready  to  move  to  the  next 
location.  Testing  at  one  pavement  location  takes  about  2  minutes. 

7.4.2  Falling  Weight  Deflectoaeter  Test  Results 

The  FWD  tests  were  reduced  by  Eres,  Inc.  in  order  to  back-calculate 
the  modulus  of  the  subgrade.  This  was  done  by  assuming  a  surface  course 
thickness  and  modulus,  then  back-calculating  a  modulus  which  would  best 
match  the  deflection  basin  measured  with  the  FWD.  These  subgrade/  base 
course  moduli  are  presented  in  Table  8.  Note  that  the  airport  testing 
grids  presented  in  Figures  41,  45  &  49  are  used  as  references  for  the 
locations  of  the  moduli.  In  addition  the  Dynamic  Stiffness  Modulus 
(DSM)  was  calculated  for  each  FWD  location.  The  DSM  is  a  measure  of  the 
overall  stiffness  of  the  pavement  with  higher  values  representing 
stiffer  pavement  systems.  The  DSM  is  defined  as: 


'max  hnin 


DO  -  DO  . 
max  min 


(33) 


where:  Qwav  is  the  maximum  load  during  testing  in  pounds,  Qmin  is  the 
minimum  load  during  testing  in  pounds,  is  the  deflection  associ¬ 
ated  with  the  maximum  load  during  testing  in  mils  ( lO--^  inches),  and 
DOmin  Che  de^ecCi°n  associated  with  the  minimum  load  during  testing 
in  trills  ( 10~^  inches). 


The  detailed  FWD  results  are  in  Appendix  E. 


If 

|  Station 

Load 

(lbs) 

DO 

D1 

D2 

D3 

D4 

D5 

D6 

AREA1 

(mils2) 

DSM2 

(lbs/mil) 

|  1CLGJT3 

9000 

4.6 

2.4 

2.1 

1.8 

1.5 

1.3 

1.1 

47.8 

13000 

7.3 

3.8 

3.3 

2.8 

2.4 

2.1 

1.8 

47.8 

17000 

9.5 

5.0 

4.3 

3.7 

3.1 

2.7 

2.3 

47.8 

23000 

13.2 

6.9 

5.9 

5.0 

4.2 

3.6 

3.1 

47.8 

1628 

Deflections  DO  to  D6  are  in  mils. 

1.  AREA  =  Area  of  deflection  basin  found  by  Trapezoidal  rule  (Appendix 

E  )■ 

2.  DSM  =  Dynamic  Stiffness  Modulus  =  [Max  Load  -  Min  Load  (lbs)] 
divided  by  [DO  at  Max  Load  -  DO  at  Min  Load] 

3.  1CLGJT  =>  FWD  test  location:  Station  1C,  Longitudinal  Joint 


Table  7 

Typical  FWD  Deflections 


Normalized  Deflection  Data 
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1.  Average  Moduli  are  presented  for  the  center  of  the  slabs. 

2.  Slab  2A  at  San  Antonio  had  transverse  crack  allowing  for  FWD  tests  on 
sides. 


Table  8. 

Airport  FWD  Moduli  Summary 


8.  COMPARISON  OF  MEASURED  FWD  DEFLECTIONS  WITH  PREDICTED  FWD 


DEFLECTIONS  USING  PPMT  MODULI  AND  CT  MODULI 

The  comparison  consisted  of  comparing  measured  FWD  deflections  with 
the  predicted  defLections  obtained  by  using  PPMT  or  CT  moduli  as  input 
into  the  finite  element  computer  program  ILLIPAVE  (Carenberg  1972). 


8.1  The  Finite  Element  Program  ILL I PAVE 

ILL  I  PAVE  models  the  pavement  as  a  three-dimensional  continuum.  It 
is  possible  to  break  the  pavement  system  into  numerous  layers,  with  the 
stipulation  that  the  number  of  elements  and  nodes  be  limited  to  400  and 
500  respectively.  The  individual  layers  can  then  be  modeled  using  one 
of  the  four  approaches  which  follow: 

1.  materials  with  a  modulus  varying  as  a  function  of  the  minor  princi¬ 
pal  stress,  ^3 , 

2.  materials  with  a  modulus  varying  as  a  function  of  the  deviator 
stress,  ad, 

3.  materials  with  a  linear  stress-strain  curve  (i.e.  constant  E),  and 

4.  materials  with  a  modulus  varying  as  a  function  of  the  first  stress 
invariant,  S  =  ( +  03). 

The  program  outputs  material  properties,  gravity  stresses,  the 
finite  element  mesh  with  identified  materials  within  the  mesh,  the 
deflections  of  each  node,  Che  stresses  in  each  element  and  the  moduli 
associated  with  each  element. 

8.2  Predicted  FWD  Deflections  Based  on  the  PPMT  Moduli 

The  first  analysis  was  based  on  the  strain  level  approach.  Since 
the  strains  developed  in  the  subgrade  by  the  aircraft  loading  are  very 
small,  the  PPMT  moduli  corresponding  to  zero  strain  were  first  used  as 
input.  These  moduli  are  the  values  of  1/a  from  Tables  3,  4  and  5  and 
are  shown  in  Table  9.  The  resulting  predictions  are  shown  in  Figure  60. 
The  results  for  Easterwood  airport  indicate  that  the  FWD  deflections 
were  35  to  56  percent  more  than  the  predicted  zero  strain  level  deflec¬ 
tions.  The  results  for  the  San  Antonio  airport  indicate  that  the  FWD 
deflections  were  27  to  32  percent  less  than  the  predicted  zero  strain 
level  deflections.  The  results  for  the  Possum  Kingdom  airport  indicate 
that  the  FWD  deflections  were  about  3.25  times  larger  than  the  predicted 
zero  strain  level  deflections.  A  summary  of  the  ILLIPAVE  output  is 
shown  in  Tables  10,  11  and  12. 

In  order  to  compensate  for  the  fact  that  the  subgrade  strain  is  not 
zero,  the  strains  were  adjusted.  The  strain  level  in  the  subgrade  due 
to  each  FWD  loading  was  calculated  by  taking  the  FWD  deflection  and 
dividing  it  by  the  assumed  depth  of  influence  of  the  loading.  This 
depth  of  influence  was  taken  as  two  times  the  diameter  of  the  loaded 


1 

1  Airport 

'  Site 

Depth  to 
Center  of 
Layer 
(in) 

Strain 

Level 

Modulus 

(psi) 

Mean  Radial 
Stress1 

(psi) 

Hoop 

Strain1 

(%) 

Mean  Total 
Stress1 

eJ 

av« 

(psi) 

I 

1  Easterwood 

AC 

3,000,000 

NA3 

NA3 

NA3 

15 

10,500 

15.5 

0 

10.7 

30 

19,860 

24.8 

0 

25.9 

1 

108 

69,450 

50.0 

0 

35.9 

San  Antonio 

C 

3,000,000 

NA3 

NA3 

NA3 

'  International 

AC 

400,000 

NA3 

NA3 

NA3 

1 

48 

14,200 

26.8 

0 

19.1 

126 

40,850 

59.8 

0 

43.0  ! 

1 

Possum 

AC 

400,000 

NA3 

NA3 

1 

NA3  1 

Kingdom 

Base 

200,000 

NA3 

NA3 

NA3  ! 

!  :! 

18 

102,780 

80.6 

0 

54.1 

45 

208,300 

124.8 

0 

84.2 

120 

53,400 

44.0 

0 

32.1 

i 

1.  Mean  values  in  the  soil  during  pressuremeter  test  at  time  of  PPMT 
modulus  measurement 

2.  0a„e  =  1/3(0. 8<tv  -r  <rt)  where  :  ar  =  0.4<7vmM 

3.  NA  =  Not  Applicable 

Note  :  AC  is  Asphalt  Concrete,  C  is  Concrete  and  Base  is  Base  Course. 


Table  9. 

PPMT  Moduli  Summary  for  the  0  %  Strain  Approach  ILLIPAVE  Input 
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Fig.  60  PPMT  3  %  Strain  Level  Model  Predicted  vs  FWD  Deflections 


Depth  to 

FWD 

Strain1 

Mean  Radial2 

Vert.2 

Mean  Total2 

Predicted 

Measured  | 

Center  of 

Load 

Level 

Stess 

Strain 

Stress 

Deflection 

Deflection  ; 

Layer 

Modulus 

<r. 

«. 

e3.- 

1 

(in) 

(lbs) 

(psi) 

(P*i) 

W 

(psi) 

(in) 

(in)  j: 

I: 

15 

14,200 

3.9 

0.0037 

3.8 

0.00281 

0.00190  !: 

30 

40,850 

12.8 

0.0009 

11.7 

f 

15 

14,200 

4.3 

0.0053 

4.1 

0.00405 

0.00295 

30 

40,850 

13.3 

0.0014 

12.0 

I, 

|. 

15 

14,200 

4.8 

0.0069 

4.4 

0.00530 

0.00380  1 

30 

40,850 

13.7 

0.0018 

12.3 

1 

i 

15 

14,200 

5.4 

0.0094 

4.8 

0.00717 

0.00525  ; 

30 

40,850 

14.3 

0.0024 

12.7 

1 

1 

1.  Values  calculated  from  PPMT  tests. 

2.  Values  calculated  by  ILLIPAVE. 

3.  0a»€  =  l/3(<r,  t  <r.  -r  &e)  where  :  <r,,  <r,  and  <tq  are  aa  calculated  by  ILLI¬ 
PAVE 


Table  11. 

San  Antonio  International  Airport 
ILLIPAVE  Moduli  Output  for  PPMT  0  %  5<ro»n  Approach 


I 

! 


Depth  to 

I 

Predicted 

Meaaured 

Center  at 

Deflection 

Deflection 

Layer 

J/  ^  j 

Bn 

e^. 

(in) 

i 

KSH 

(pai) 

(in) 

(in) 

' 

U  j 

I 

9,000 

i 

102,780 

13 

10084 

19 

100574 

0.01847 

46  j 

208,300 

16 

10008 

14 

120  1 

I 

I 

| 

53,400 

5.9 

10008 

17 

18  I 

13,000 

102,780 

8.3 

10120 

19 

100830 

0.02756 

45 

208,300 

18 

0.0012 

15 

120 

53,400 

6 J2 

10012 

19 

18 

17,000 

102,780 

10.4 

10160 

7.3 

101085 

103560 

45 

208,300 

4.0 

10015 

17 

120 

53,400 

6.7 

10015 

7.2 

1.  Value*  calculated  from  PPMT  tecta. 

1  Vahiea  calculated  by  MJPAVE. 

1  *  l/3(<r,  +»,+  #»)  with  #,  aad  «e  aa  calculated  by  ILUPAVE 


Table  12. 

Poaaum  Kingdom  Airport 

ILLIPAVE  Moduli  Output  for  PPMT  0  %  Stroin  Approach 


pavement  area;  for  the  FWD  this  depth  is  24  nnh**-;.  This  strain  was 
used  with  the  PPMT  strain  level  model  (i.e.  l/K  *  a  ♦  b1)  to  obtain  a 
new  set  of  moduli  values  for  the  layers  located  within  the  assumed  zone 
of  influence.  The  resulting  predictions  are  shown  on  Figure  61.  The 
results  for  Easterwood  airport  indicate  that  the  FWD  deflections  are 
between  31  and  47  percent  higher  than  the  revised  strain  level  predic¬ 
tions.  The  results  for  San  Antonio  airport  do  not  change  since  the 
pavement  is  24  inches  thick  and  the  stresses  are  assumed  to  dissipate 
over  that  depth.  However,  the  results  are  still  not  satisfactory  for 
the  sand  subgrade  (Figure  61)  since  the  FWD  deflections  are  about  twice 
as  large  as  the  revised  strain  level  deflections.  A  summary  of  the 
ILLIPAVE  input  and  output  is  shown  in  Tables  13,  14  and  15.  The  results 
of  this  approach  indicate  a  slightly  better  correlation  than  the  zero 
strain  level  approach  (Figure  61). 

The  second  analysis  was  based  on  the  stress  level  approach.  The 
model  is  E  *  Kj(®/pa)n.  The  values  of  K2  and  n  obtained  from  the 
PPMT  tests  were  input  for  each  layer  (Table  16).  The  ILLIPAVE  program 
generated  the  modulus  values  E  based  on  the  calculations  of  the  mean 
principal  stress  0.  The  resulting  predictions  are  shown  on  Figure  62. 
The  results  for  Easterwood  airport  indicate  that  the  FWD  deflections 
are  2  to  44  percent  higher  than  the  predicted  stress  level  deflections. 
The  results  from  San  Antonio  airport  indicate  that  the  FWD  deflections 
ranged  from  52  to  58  percent  less  than  the  predicted  stress  level 
deflections.  The  results  from  Possum  Kingdom  airport  indicate  that  the 
FWD  deflections  ranged  from  0.93  to  1.28  times  the  predicted  stress 
level  deflections.  A  summary  of  the  ILLIPAVE  output  for  the  three  air¬ 
ports  is  shown  in  Tables  17,  18  and  19.  The  deflections  shown  on  Figure 
62  indicate  that  the  stress  level  model  gives  acceptable  results  for 
both  the  clay  and  the  sand  subgrade. 

The  third  analysis  was  based  on  the  use  of  the  modulus  obtained 
from  the  unloading  part  of  the  first  cycle  during  the  PPMT  test  (Table 
20).  The  resilient  modulus  has  classically  been  referred  to  as  Er 
when  associated  with  the  pressuremeter ,  but  was  denoted  as  Mr^  in  order 
to  indicate  its  relationship  to  the  resilient  modulus  from  the  CT  test. 
Recall  that  the  resilient  modulus  is  defined  as  the  slope  of  the  unload¬ 
ing  portion  of  the  loop.  The  results  of  this  apporach  are  shown  on 
Figure  63.  They  indicate  that  the  use  of  M  ^  gives  acceptable  results 
for  the  sand  subgrade,  but  unacceptable  results  for  the  clay  subgrades. 
The  results  for  Easterwood  airport  indicate  that  the  FWD  deflection 
ranged  from  62  to  67  percent  less  than  the  predicted  deflections. 
The  results  for  San  Antonio  airport  indicate  that  the  FWD  deflections 
were  about  84  percent  less  than  the  predicted  M  deflections.  The 
results  from  the  Possum  Kingdom  airport  indicate  that  the  FWD  deflec¬ 
tions  were  about  5  percent  less  than  the  predicted  deflections. 

8.3  Predicted  FWD  Deflections  Based  on  CT  Tests  and  on  the  WES  Approach 

The  WES  procedure  for  predicting  the  CT  design  modulus  was  used  to 
obtain  Mr  values  for  input  into  ILLIPAVE  (Barker  and  Brabston  1975). 


Strain  Level  Predicted  Oeflection 
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Table  13. 

Kasterwnod  Airport 

Input  and  Output  for  I’l’MT  He  vised  Strain  Approach  used  with  ILIJPAVE 
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Table  14. 

Sail  Antonio  International  Airport 
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Table  15. 

Possum  Kingdom  Airport 

Input  and  Output  for  Pl’MT  He  vised  Strain  Approach  used  with  ILLIPAVR 


Vi, 


Airport 

Site 

Depth  to 
Center  of 
Layer 

(in) 

Stress1 

Level 

Modulus 

(P«) 

Total  Princ. 
Stress3 

e3 

(P«) 

Hoop 

Strain3 

«ee 

(%) 

Easterwood 

3,000,000 

nat 

NA7 

15 

4,820 

6.7 

0.12 

8,940 

13.4 

0.12 

108 

19,410 

24.0 

0.12 

San  Antonio 

C 

3,000,000 

NA7 

NA7 

International 

AC 

400,000 

NA7 

NA7 

48 

8,350 

14.2 

0.12 

126 

15,060 

19.6 

0.12 

Possum 

AC 

400,000 

NA7 

NA7 

Kingdom 

Base 

200,000 

NA7 

NA7 

18 

88,070 

96.5 

0.12 

45 

138,356 

153.0 

0.12 

120 

39,940 

51.6 

0.12 

1113 

12,500 

NA7 

NA7 

NA7 

NA7 

1993 

8,510 

3020 

12,880 

NA7 

NA7 

1000 

13,890 

1000 

13,890 

1.  PPMT  Stress  Level  Modulus  =  K\  0"  values  in  table  input  into  ILLIPAVE. 

2.  Mean  values  in  the  soil  during  pressuremeter  test  at  time  of  PPMT  modulus 
measurement. 

3.  ©  =  (0.8ov  t  <rM)  where  :  aT  =  0.4^, „„ 

4.  Calculated  using  E  =  A'j(^-)n  (Equation  3.4). 

5.  Calculated  using  E  =  K9n  (Equation  3.3)  . 

6.  Average  PPMT  test  results  for  layers  chosen  for  ILLLAPVE  input. 

7.  NA  =  Not  Applicable 

Note  :  AC  is  Asphalt  Concrete,  C  is  Concrete  and  Base  is  Base  Course. 


Table  16. 

PPMT  Moduli  Summary  for  the  Stress  Approach  ILLIPAVE  Input 


mmmm 


PPMT  Stress  Level  Predicted 


a 

a 


30 


20 


10 


/ 


/ 


/ 


/ 

/ 

/  X 


/ 


/ 


/  X 

/ 

0  /  X 

L 

L  o  /  * 

l  o  * 

•/ 

v/ 

1/11  »  i  1  ■  ■  ■  ■  I 


I 


JLI  I  I 


1 


0  10  20  30  40  50 

FWO  Measured  Oeflection  (10*-3  in) 


Fig  62  PPMT  Stress  Level  Model  E  —  K(&-)n  Predicted  vs  FWD  Deflections 
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Depth  to 
Center  of 
Layer 

(in) 

FWD 

Load 

(lbs) 

Stress1 

Level 

Modulus 

(P«) 

Radial1 

Stress 

(P«) 

Vert.1 

Strain 

«. 

(*> 

Mean  Total1 
Stress 

9"- 

(P«> 

Predicted 

Deflection 

(in) 

Measured 

Deflection 

(in) 

15 

9,000 

31,500 

2.8 

0.0120 

3.6 

0.0064 

0.0066 

30 

15,200 

5.5 

0.0110 

5.1 

108 

33,500 

17.9 

0.0071 

14.8 

15 

13,000 

42,600 

2.8 

0.0162 

4.5 

0.0088 

0.0104 

30 

18,200 

5.6 

0.0150 

5.7 

108 

33,800 

18.2 

0.0018 

15.1 

15 

17,000 

53,400 

2.7 

0.0190 

5.1 

0.0109 

0.0141 

30 

21,200 

6.0 

0.0180 

6.3 

108 

34,100 

18.5 

0.0024 

15.4 

15 

23,000 

69,100 

3.8 

0.0220 

7.0 

0.0140 

0.0201 

30 

25,600 

6.1 

0.0220 

7.2 

108 

_ 

34,800 

18.8 

0.0032 

15.9 

! 

1.  Values  calculated  from  PPMT  tests. 

2.  Values  calculated  by  ILLIPAVE. 

3.  ©«„  =  1/3 (<rr  +  <rt  +  <r®)  with  <rT,  <ra  and  <r%  from  ILLIPAVE. 


Table  17. 

Eaaterwood  Airport 

ILLIPAVE  Moduli  Output  for  PPMT  Stress  Approach 


Depth  to 
Center  a£ 
Layer 

(in) 

FWD 

Load 

(lb.) 

Stress1 

Level 

Modulus 

(p«) 

Radial* 

Stress 

(P*») 

Vert.* 

Strain 

<• 

(%) 

Mean  Total* 
Stress 

(psi) 

Predicted 

Deflection 

(in) 

Measured 

Deflection 

(in) 

48 

9,000 

9,520 

4.1 

0.0052 

3.8 

0.00452 

0.00190 

126 

20,300 

12.9 

0.0019 

11.7 

48 

13,000 

10,600 

4.3 

0.0069 

41 

0.00295 

126 

20,400 

13.1 

0.0028 

12.0 

48 

17,000 

10,600 

4.5 

0.0085 

44 

0.00824 

0.00380 

126 

20,500 

13.4 

0.0038 

12.3 

48 

23,000 

12,800 

4.9 

0.0107 

49 

0.01089 

0.00525 

126 

20,700 

13.7 

0.0490 

12.7 

1.  Values  calculated  from  PPMT  tests. 

2.  Values  calculated  by  ILLIPAVE. 

3.  Qmwm  —  l/3(<r,  +  <rt  +  *9)  with  <r,,  o%  and  99  from  ILLIPAVE. 


Table  18. 

San  Antonio  International  Airport 
ILLIPAVE  Moduli  Output  lor  PPMT  Strtu  Approach 


Depth  to 
Center  of 
Layer 

(in) 

FWD 

Load 

(lbs) 

Stress1 

Level 

Modulus 

(P«) 

Radial3 

Stress 

(P“) 

Vert.3 

Strain 

U 

(%) 

Mean  Total3 
Stress 

(P«i) 

Predicted 

Deflection 

(in) 

Measured 

Deflection 

(in) 

18 

9,000 

13,300 

1.5 

0.0447 

3.4 

0.01897 

0.01847 

45 

10,700 

3.6 

0.0131 

4.2 

120 

87,100 

6.1 

0.0006 

6.7 

18 

13,000 

17,500 

1.3 

0.0495 

4.2 

0.02380 

0.02756 

45 

11,600 

3.9 

0.0179 

4.8 

120 

88,400 

6.3 

0.0008 

6.9 

18 

17,000 

21,700 

1.0 

0.0547 

5.0 

0.02771 

45 

12,400 

4.3 

0.0220 

5.3 

! 

120 

_ 

89,700 

6.5 

0.0011 

7.2 

| 

i 

1.  Values  calculated  from  PPMT  tests. 

2.  Values  calculated  by  ILLIPAVE. 

3.  ©«„  =  l/3(<r,  4-  <r,  4 -  <tq)  with  <r,,  <r,  and  <rs  from  ILLIPAVE. 


Table  19. 

Possum  Kingdom  Airport 

ILLIPAVE  Moduli  Output  for  PPMT  Stress  Approach 


Airport 

Site 

- - 

Depth  to 
Center  of 
Layer 
(in) 

Resilient 

Modulus 

Mr 

(psi) 

Mean  Radial1 
Stress 

<Tr 

(psi) 

Hoop1 

Strain 

% 

Mean  Total1 
Stress 

02 

(psi) 

Easterwood 

AC 

3,000,000 

NA3 

NA3 

NA3 

15 

1,910 

3.3 

2.6 

2,860 

11.9 

1.1 

8.7 

108 

5,130 

19.4 

15.6 

San  Antonio 

c 

3,000,000 

NA3 

NA3 

NA3 

International 

AC 

NA3 

NA3 

NA3  i 

48 

2,815 

13.3 

1.2 

126 

24.4 

n.3  j 

!i 

Possum 

AC 

NA3 

NA3 

NA3 

Kingdom 

Base 

NA3 

NA3 

NA3  | 

18 

19,155 

46.4 

31.2 

45 

55.6 

38.1 

120 

6,515 

16.9 

0.7 

14.0 

1.  Mean  values  in  soil  during  pressuremeter  test  at  time  of  PPMT  modulus 
measurement. 

2.  0„ve  =  l/3(0.8<r,  +  <r,)  where  :  ay  =  0A<rrmmt 

3.  NA  =  Not  Applicable 

Note  :  AC  is  Asphalt  Concrete,  C  is  Concrete  and  Base  is  Base  Course. 


Table  20. 

PPMT  Moduli  Summary  for  the  Resilient  Modulus  Approach  ILLIPAVE 

Input 


PPMT  Mr  Predicted  Deflection 


This  procedure  involves  Che  following  steps: 

1.  Upon  completion  of  the  CT  test  on  a  particular  sample,  resilient 
moduli  values  are  tabulated  for  various  number  of  cycles,  deviator 
stresses  and  confining  stresses  03. 

2.  The  sum  of  the  principal  stresses  (i.e.  the  first  stress  invariant 
G"0  is  calculated. 

3.  Based  on  data  collected  from  the  airport  operations  the  estimated 
number  of  annual  departures  is  calculated. 

4.  For  cohesive  soils  a  plot  of  Mr  versus  c  d  is  drawn-  (Figure  64) 
and  for  cohesionless  soils  a  plot  of  log  Mr  versus  log  is  drawn 
(Figure  63). 

5.  For  cohesive  soils  the  following  construction  procedure  is  followed 
(Figure  64).  Based  on  three  estimated  annual  departure  curves  pre¬ 
sented  by  Barker  and  Brabston  (1975)  the  curve  which  most  closely 
corresponds  to  the  estimated  annual  departures  is  overlaid  onto  the 
Mr  versus  oj  plot  (Figure  64).  The  values  of  Mr  found  at  the 
intersection  of  the  two  curves  is  the  Mr  used  in  design.  For  the 
airports  used  in  this  study  these  design  Mr  values  are  shown  in 
Table  21.  For  cohesionless  soils,  a  correction  to  Cp  for  overburden 
pressure  is  first  made.  Then  the  estimated  annual  departure  curve 
is  overlaid  on  to  the  plot  of  log  Mr  versus  log  0-j.  (Figure  65). 
The  values  of  Mr  found  at  the  intersection  of  the  two  curves  is 
the  Mr  used  in  design  (Table  21). 

6.  The  design  Mr  values  are  input  into  ILLIPAVE  to  predict  deflec¬ 
tions  due  to  the  FWD  loads. 

The  ILLIPAVE  outputs  are  summarized  in  Tables  22,  23  and  24.  The 
resulting  deflections  are  shown  in  Figure  66.  They  indicate  that  the 
predicted  deflections  are  acceptably  close  to  the  measured  deflections 
for  the  2  clay  subgrades,  but  not  for  the  sand  subgrade.  The  results 
for  Easterwood  airport  indicate  that  the  FWD  deflections  are  28  to  38 
percent  less  than  the  predicted  WES  procedure  deflections.  The  results 
from  San  Antonio  airport  indicate  that  the  FWD  deflections  are  about  50 
percent  less  than  the  predicted  WES  procedure  deflections.  The  results 
from  Possum  Kingdom  airport  indicate  that  the  FWD  deflections  are  about 
4.85  times  larger  than  the  predicted  WES  procedure  deflections. 


log  Resilient  Modulus,  ( Mr )  Resilient  Modulus,  (Mr) 


Deviator  Stress  (a*) 

Fis.  64  Presentation  of  Results  of  CT  Tests  on  Cohesive  Soils 


log  Sum  of  Principal  Stresses  ©t 


Fig.  65  Presentation  of  Results  of  CT  Tests  on  Cohesionless  Soils 
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Airport 

Site 

Depth  to 
Center  of 
Layer 

(in) 

Resilient1 

Modulus 

Mr 

(P«) 

Principal1 

Stress 

<r\ 

(psi) 

Vert.1 

Strain 

% 

Mean  Total1 
Stress 

©i*. 

(psi) 

Easterwood 

C 

3,000,000 

NA3 

NA3 

NA3 

15 

4,300 

4.5 

NA3 

3.5 

30 

7,000 

8.6 

NA3 

4.9 

108 

11,700 

14.5 

NA3 

6.8 

San  Antonio 

C 

3,000,000 

NA3 

NA3 

NA3 

International 

AC 

400,000 

NA3 

NA3 

NA3 

48 

14,100 

16.8 

NA3 

6.4 

126 

20,000 

22.0 

NA3 

12.0 

Possum 

AC 

400,000 

NA3 

NA3 

NA3 

Kingdom 

Base 

200,000 

NA3 

NA3 

NA3 

18 

200,000 

51.8 

NA3 

18.1 

45 

200,000 

23.5 

NA3 

9.9 

120 

200,000 

74.2 

NA3 

30.3 

1.  Design  values  determined  using  the  WES  approach  for  CT  tests. 

2.  Qa„«  -  l/3(<ri  +  2<r3)  where  :  tT\  and  <73  are  from  the  CT  tests. 

3.  NA  =  Not  Applicable. 

Note  :  AC  is  Asphalt  Concrete,  C  is  Concrete  and  Base  is  Base  Course. 


Table  21. 

Summary  of  CT-WES  Resilient  Moduli  for  input . 


’’i  it  n 


Table  22. 

Easterwood  Airport 

ILLIPAVE  Moduli  Output  for  WES  Hesilient  Moduli 


Depth  to 

FWD 

Resilient1 

Mean  Radial3 

Vert.3 

Mean  Total3 

Predicted 

j 

Measured  ! 

Center  of 

Load 

Modulus 

Stress 

Strain 

Stress 

Deflection 

Deflection 

Layer 

K 

j  fin) 

(lbs) 

(psi) 

(psi) 

(%) 

(psi) 

(in  ) 

(in) 

1 

48 

9,000 

14,100 

4.1 

3.8 

0.00387 

0.00190  1 

126 

20,000 

12.9 

11.7 

< 

j 

48 

13,000 

14,100 

4.3 

41 

0.00559 

1 

0.00205  ! 

126 

20,000 

13.1 

0.0028 

12.0 

i 

48 

17,000 

14,100 

4.5 

4.4 

0.00732 

0.00380 

126 

20,000 

13.4 

0.0036 

12.3 

48 

23,000 

14,100 

4.8 

0.0939 

4.8 

0.00989 

0.00525 

126 

20,000 

13.7 

12.7 

1.  Input  design  values  determined  using  the  WES  approach  for  CT  tests. 

2.  Values  calculated  by  ILLIPAVE. 

3.  0„„  =  I/3(tr,  +  ot  +  9%)  with  oy,  9,  and  99  from  ILLIPAVE 


Table  23. 

San  Antonio  International  Airport 
QLLIPAVE  Moduli  Output  for  WES  Resilient  Moduli 


Depth  to  FWD  Resilient1  Mean  Radial3  Vert.3  Mean  Tbtal3  Predicted  Measured 


Table  24. 

Possum  Kingdom  Airport 

ILL  I  PAVE  Moduli  Output  for  the  WES  Resilient  Modulus 


1  1  3/114 


9.  COMPARISON  OP  MODULI 


9.1  Moduli  Caaparison  Between  PPMT,  CT  end  FWD  Tests 

Moduli  depend  upon  a  number  of  variables  including  stress  level  and 
strain  level.  To  make  a  useful  comparison,  moduli  calculated  over  the 
same  stress  and  strain  levels  must  be  compared.  It  was  assumed  that  the 
more  accurate  the  predicted  deflections  become,  the  closer  the  predicted 
stress  and  strain  levels  were  to  the  actual  stress  and  strain  levels. 
4s  a  result,  the  moduli  for  each  PPMT  and  CT  test  which  gave  the  closest 
predictions  of  the  measured  FWD  deflections  were  selected  tor  comparison 
purposes.  The  selected  PPMT  moduli  were  the  revised  strain  level  moduli 
in  clay  (Tables  13  and  14),  and  the  stress  level  moduli  in  sand  (Table 
lb).  The  selected  CT  test  moduli  were  the  ones  obtained  from  the  WES 
procedure  (Table  21).  The  FWD  test  moduli  backcalculated  from  the  FWD 
tests,  according  to  the  ERES  procedure  described  in  section  7.4  (Table 
8),  were  used  in  the  comparisons. 

These  moduli  are  plotted  in  Figures  67,  68  and  69.  Figure  67  is  a 
plot  of  PPMT  moduli  versus  CT  moduli  (  Tables  13,  14,  16  and  21),  where 
the  results  from  the  clay  subgrades  indicate  that  the  PPMT  moduli  are 
equal  to  or  larger  than  the  CT  moduli  and  the  results  from  the  sand 
subgrade  indicate  that  the  PPMT  moduli  are  less  than  the  CT  moduli. 
Figure  68  i s  a  plot  of  FWD  moduli  versus  PPMT  moduli  (Tables  8  and  16), 
where  the  PPMT  and  FWD  moduli  for  the  clay  subgrades  indicate  a  rela¬ 
tively  good  correlation  and  the  FWD  moduli  are  greater  than  the  PPMT 
moduli  for  the  sand  subgrade.  Figure  69  is  a  plot  of  FWD  moduli  versus 
CT  moduli  (Tables  8  and  21),  where  the  FWD  moduli  are  larger  than  the  CT 
moduli  for  the  clay  subgrade  and  the  CT  moduli  are  much  larger  than  the 
FWD  moduli  for  the  sand  subgrade. 


9.2  Comparison  with  CBR  Moduli  and  Plate  Moduli 

No  CBR  test  or  plate  test  was  performed  during  this  study.  However 
an  attempt  was  made  at  estimating  moduli  values  that  could  have  been 
obtained  had  those  tests  been  run.  This  was  done  by  using  Table  7.4,  o 
236,  of  Yoder  and  Witczak  (1975)  which  gives  ranges  of  possible  CBR  and 
subgrade  modulus  k  values  on  the  basis  of  the  c lass  l  f icat ion  of  the  soil 
in  the  USC  system. 

The  subgrade  modulus  k  is  usually  obtained  from  plate  tests  and  is: 


k 


(34) 


where  q  is  the  average  pressure  under  the  loaded  area  and  s  is  the 
settlement.  In  elasticity  the  settlement  s  of  a  flexible  plate  (a  tire 
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is  similar  Co  a  flexible  plate)  is  given  by: 


s 


(35) 


where  D  is  the  plate  diameter,  E  is  Young's  modulus  and  v  is  Poisson's 
ratio.  In  order  to  obtain  E  from  k  a  Poisson's  ratio  of  0.5  was  assumed 
(undrained  behavior)  and  a  diameter  of  l  foot  was  used  to  simulate  a 
tire  imprint: 


E  =  kD  (1-v2)  (36) 


The  subgrade  soils  at  Easterwood,  San  Antonio  and  Possum  Kingdom  air¬ 
ports  were  classified  as  CH,  CL  and  SM  respectively.  For  those  classi- 
cations,  Table  7.4,  p  236  of  Yoder  and  Witczak  (1975)  gave  average  k 
values  of  75,  150,  250  pci  (20,  41,  68  MN/m^)  respectively.  These  k 
values  were  used  to  generate  the  E  values  of  Table  25. 

The  CBR  is  used  to  obtain  moduli  by  simple  correlations.  The  most 
commonly  used  correlation  is: 

E  =  1500  CBR  with  E  in  psi  (37) 

Using  che  subgrade  classifications,  estimated  mean  CBR  values  were  ob¬ 
tained  from  Table  7.4,  p  236  of  Yoder  and  Witczak  (1975).  These  values 
were  then  used  to  obtain  the  moduli  shown  in  Table  25. 

As  can  be  seen  from  Table  25,  the  moduli  obtained  from  the  esti¬ 
mated  subgrade  modulus  k  is  consistently  5  to  20  times  lower  than  the 
moduli  measured  in  the  field  tests.  The  moduli  obtained  from  the  esti¬ 
mated  CBR  values  is  much  closer  to  the  measured  moduli.  The  drawbacks 
of  the  field  CBR  and  the  plate  test  include  destruction  of  the  pavement 
and  length  of  time  involved. 
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Ai rport 

Depth 
( in. ) 

PPMT1 
( psi) 

CT2 

(psi) 

FWD3 

(psi) 

CBR4 

(psi) 

Plate5 

Test 

(psi) 

Easterwood 

15 

8070 

4300 

16433 

6000 

675 

30 

19860 

7000 

16433 

6000 

675 

108 

69450 

11700 

16433 

6000 

675 

San  Antonio 

15 

14200 

- 

30669 

15000 

1350 

30 

40850 

- 

30669 

15000 

1350 

48 

- 

14100 

30669 

15000 

1350 

126 

- 

20000 

30669 

15000 

1350 

Possum 

15 

88070 

200000 

12465 

45000 

2250 

Kingdom 

45 

138356 

200000 

12465 

45000 

2250 

^see  Tables  13,  14  and  15  for  details. 

2 see  Table  21. 

^Average  values. Ranges  can  be  found  in  Table  8. 

4No  CBR  were  performed  in  this  study;  the  moduli  values  were 
obtained  from  1500  CBR  where  CBR  was  taken  from  Table  7.4,  p 
236  of  Yoder  and  Witczak  (1975)  knowing  the  soil  classifica¬ 
tion. 

-*No  Plate  Tests  were  performed  in  this  study;  the  moduli 
values  were  obtained  from  E  =  kB(l-  where  k  was  taken 
from  Table  7.4.  p  236  of  Yoder  and  Witczak  (1975)  knowing  the 
soil  classification. 


Table  25 

Comparison  of  Moduli 


10.  SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 


10. 1  Suwry 

A  relatively  new  tool,  the  pavement  pressuremeter,  was  used  at 
three  airports  in  order  to  evaluate  its  usefulness  in  pavement  design. 
The  pavement  pressuremeter  test  consists  of  hand  drilling  a  1.35  in. 
(3.43  cm)  diameter  hole  through  the  pavement  down  to  a  depth  of  say  5  ft 
(1.52  m),  then  inserting  in  the  open  hole  a  1.3  in.  (3.30  cm)  diameter, 
9  in.  (22.86  cm)  long  expandable  cylinder;  once  in  place  the  cylinder  is 
inflated  with  water  and  the  response  of  the  soil  surrounding  the  cylin¬ 
der  is  monitored;  the  pressure  against  the  soil  and  the  relative 
increase  in  radius  of  the  cylinder  are  recorded;  this  allows  to  obtain 
an  in  situ  stress  strain  curve.  By  running  the  tests  at  various  depths 
a  series  of  stress-strain  curves  and  therefore  moduli  can  be  obtained  in 
the  base  course,  subbase  and  subgrade.  The  pressuremeter  results  were 
compared  to  cyclic  triaxial  test  results  and  Falling  Weight  Deflec- 
tometer  test  results.  Of  the  three  airports  tested  two  of  the  airports 
had  clay  subgrades,  one  had  a  sand  subgrade. 


10.2  Conclusions 

1.  The  effects  on  the  modulus  due  to  various  stress  levels,  strain 
levels,  creep  and  cycles  can  be  obtained  by  performing  unload-reload 
loops  during  the  inflation  of  the  cylinder.  Soil  moduli  vary  with 
the  stress  level,  the  strain  level,  the  rate  of  loading  or  creep  and 
the  number  of  Load  cycles;  the  following  models  were  selected  to 
describe  these  variations; 

Strain  (Eq.  6) 

1/E  =  a  +  b  e  (38) 

Stress  (Eq.  9 ) 

E  =  K2  (— )"  (39) 

pa 

Creep  (Eq.  11) 

-n 

crp 

<f>  <4°> 

o  o 

Cycles  (Eq.  13) 

=*  Ej^N  cyc  (41) 

2.  During  this  study,  pressuremeter  testing  procedures  were  developed 


to  obtain  the  parameters  necessary  to  evaluate  the  above  models  (a, 
b,  K2  >  n>  ncrp>  ncyc)*  The  strai-n  parameters  a  and  b  are  obtained 
from  a  pressuremeter  test  where  unload-reload  loops  are  performed 
over  various  ranges  of  the  hoop  strain.  The  parameters  K2  and  n 
are  obtained  from  a  pressuremeter  test  where  unload-reload  loops  are 
performed  at  various  stress  levels.  The  creep  or  rate  effect  para¬ 
meter  n^p  is  obtained  from  a  pressuremeter  test  where  the  radial 
stress  is  held  constant  for  five  minutes.  The  cyclic  parameter  nCyC 
is  obtained  from  a  pressuremeter  test  where  10  unload-reload  cycles 
are  performed  between  two  stress  levels.  The  parameters  used  to 
evaluate  the  modulus  (a,  b,  K2,  n,  ncrp  and  nCyC)  obtained  with 
the  pavement  pressuremeter  in  this  study  compared  favorably  with 
values  published  in  the  literature.  A  pavement  pressuremeter  test 
was  developed  where  in  a  single  test  all  of  the  above  parameters  can 
be  obtained.  A  manual  describing  how  the  data  is  reduced  and  a 
microcomputer  program  called  AIRPRESS  to  reduce  that  data  automat¬ 
ically,  are  presented  in  Appendix  C. 

The  pavement  pressuremeter  results  (PPMT)  were  compared  with  the 
results  of  cyclic  triaxial  (CT)  tests  and  falling  weight  deflec- 
tometer  (FWD)  tests.  For  this  study,  17  cyclic  triaxial  (CT)  tests 
on  samples  recovered  from  the  three  airport  subgrades  were  perform¬ 
ed.  At  the  same  time,  32  pavement  pressuremeter  (PPMT)  tests  in  the 
base  courses  and  subgrades  of  the  three  airports  were  performed.  In 
order  to  establish  a  ground  truth,  a  total  of  92  pavement  locations 
were  tested  with  the  Falling  Weight  Def lectometer  (FWD)  at  the  three 
airports. 

One  comparison  consisted  of  predicting  the  FWD  deflection  by  input- 
ing  into  the  finite  element  program  ILLLPAVE  various  moduli  from  the 
PPMT  and  CT  results  and  comparing  these  deflections  to  the  measured 
FWD  deflections.  The  proper  PPMT  moduli  were  selected  based  on  the 
four  moduli  models.  The  CT  procedure  established  by  the  Waterways 
Experiment  Station  (WES)  was  used  to  select  the  proper  resilient 
moduli.  For  the  PPMT  it  was  found  that  the  best  predictions  are 
obtained  when  the  strain  level  model  is  used  for  clay  subgrades  and 
the  stress  level  model  is  used  for  sand  subgrades  (Figure  70).  The 
predicted  deflections  by  the  proposed  PPMT  methods  were  within  +35% 
of  the  measured  deflections  (Figures  61  &  62).  For  the  CT  test  the 
WES  approach  makes  the  distinction  that  moduli  are  based  on  the 
deviator  stress  level  (0,3)  for  clays  (the  deviator  stress  relates 
directly  to  the  strain  level)  and  on  the  confining  stress  (03)  for 
sands.  The  measured  FWD  deflections  were  predicted  using  the  cyclic 
triaxial  moduli  selected  by  the  WES  procedure.  The  predicted 
deflections  by  the  established  CT  method  (Figure  66)  were  as  good  as 
the  PPMT  predictions  (Figures  61  and  62)  for  the  clay  but  not  as 
good  for  the  sand.  This  is  due  in  part  to  the  great  difficulties 
experienced  in  retrieving  the  undisturbed  sand  samples  and  the 
problems  associated  with  reconstructing  Che  sand  samples  in  the 
laboratory. 

A  comparison  of  moduli  was  also  made.  The  moduli  which  predicted 
best  the  measured  FWD  deflections  were  selected  for  comparison 
purposes.  The  PPMT  moduli  from  the  strain  level  model  for  the  clays 
and  the  stress  level  model  for  the  sand  were  compared  with  the  CT 


moduli  from  the  deviator  stress  approach  for  the  clays  and  the  mean 
confining  stress  approach  for  the  sand.  The  plot  of  PPMT  moduli 
versus  CT  moduli  (Figure  67)  shows  a  much  larger  variation  than  the 
comparison  of  deflections.  Moduli  were  also  back-calculated  from 
the  FWD  deflection  results.  In  this  case  only  one  average  FWD 
modulus  is  back-calculated  for  the  entire  subgrade,  instead  of 
several  moduli  versus  depth  for  the  CT  and  PPMT  tests.  The  plot 
comparing  PPMT  and  FWD  moduli  (Figure  68)  shows  a  somewhat  better 
correlation  than  the  plot  comparing  CT  and  FWD  moduli  (Figure  69). 

6.  A  comparison  of  the  advantages  and  drawbacks  of  the  three  different 
pieces  of  equipment  and  corresponding  design  approaches  is  presented 
in  Table  1.  Overall  this  study  shows  that  the  pressuremeter  is  an 
economical  and  viable  alternative  to  the  cyclic  triaxial  test. 
Indeed  the  PPMT  is  less  costly  and  simpler  to  use  than  the  cyclic 
triaxial  test  and  predicts  the  deflections  of  the  FWD  as  well  if  not 
better  than  the  cyclic  triaxial  test. 


10.3  Becoamendatioas 

1.  This  study  shows  that  the  PPMT  is  a  tool  which  can  be  used  advan¬ 
tageously  for  the  prediction  of  pavement  deflections  and  is  ready  to 

be  used  progressively  for  the  design  of  new  pavement,  the  extension 
of  existing  pavements,  the  evaluation  of  existing  pavements  and  the 
design  of  pavement  overlays.  However  only  three  airports  were 
tested  and  more  data  must  be  collected  at  other  airports  across  the 
U.  S.  Comparison  of  predicted  deflections  with  measured  deflections 
under  full  size  aircraft  would  be  particularly  useful  and  would 
allow  to  further  improve  the  method. 

2.  Since  the  Falling  Weight  Def lectometer  test  is  faster  than  the  PPMT 

test,  the  FWD  can  be  used  to  survey  large  areas  in  little  time  and 

help  locate  the  zones  of  weakness.  Within  those  zones  the  pavement 
pressuremeter  can  already: 

a.  provide  a  profile  of  the  moduli  and  moduli  model  parameters  so 
that  the  proper  modulus  under  any  loading  configuration  can  be 
obtained , 

b.  provide  information  on  rutting  (moduli  as  a  function  of  cycles) 
and  creep  (moduli  as  a  function  of  rate  or  duration  of  loading), 

c.  give,  through  the  coring  process,  an  exact  thickness  of  the 
layers  involved, 

d.  provide  small  cores  of  the  surface  course  for  moduli  and 
strength  determination,  and 

e.  provide  disturbed  samples  of  the  base  course,  subbase  and  sub¬ 
grade  for  index  properties  determination  (water  content,  grain 
size,  liquid,  plastic  and  shrinkage  limit,  classification). 

3.  The  pavement  pressuremeter  also  has  some  other  potential  uses  pro¬ 
vided  further  research  takes  place; 


a. 


it  could  be  used  to  measure  the  effect  of  moisture  variation  on 
the  modulus  values.  This  would  be  done  by  running  the  pavement 


pressuremeter  Lest  during  each  season  <>!  i  lie  year  ii  various 
a i rport s. 

b.  it  could  give  a  measure  of  the  high  horizontal  stress  locked  in 
the  pavement  due  to  compaction  and  repeated  Loading;  these  hori¬ 
zontal  residual  stresses  are  considered  to  be  very  important  and 
may  control  future  behavior  of  the  pavement, 

c.  it  could  give  a  means  of  load  rating  light  pavements  through  the 
use  of  the  pressuremeter  limit  pressure,  and 

d.  it  could  be  used  to  test  the  asphalt  or  the  concrete,  thereby 
eliminating  the  need  for  testing  concrete  specimens. 

There  is  a  need  also  to: 

a.  develop  a  complete  manual  for  the  use  of  the  pavement  pressure- 
meter  equipment, 

b.  develop  a  detailed  manual  for  the  use  of  the  data  reduction 
microcomputer  program,  and 

c.  organize  one  or  more  seminars  to  present  the  results  of  this 
study  and  describe  the  usefulness  of  the  pavement  pressuremeter. 

From  a  more  general  standpoint,  there  is  a  need  to  perform  a  sensi¬ 
tivity  analysis  to  document  the  effect  of  modulus  variation  in  vari¬ 
ous  design  and  evaluation  methods. 
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EASTERN 000  AIRPORT  (EA-l)  2S" -DEPTH  STANQARO  TEST 


EASTERWOOO  AIRPORT  <EA-1>  37 "-DEPTH  STANDARD  TEST  EASTERWOOD  AIRPORT  <EA-1)  61“-DEPTH  STANOARO  TEST 


RELATIVE  INCREASE  IN  PROBE  RADIUS.  dR/Ro  (X)  RELATIVE  INCREASE  IN  PROBE  RAQIUS.  dR/Ro  (X) 

EASTERNOOO  AIRPORT  (EA-1J  05'-O£PTH  PPKT  STANQARO  AIRPORT  TEST  EASTERWOQO  AIRPORT  (EA-2)  J7‘-OEPTH  PPNT  STAfCAHO  AIRPORT  TEST 


EASTERWOOD  AIRPORT  <EA-2>  39"-0EPTH  STANDARD  TEST  EASTERVOOQ  AIRPORT  (EA-3J  13*-0EPTH  PPHT  STAtOARD  AIRPORT  TEST 


^,*4 


RELATIVE  INCREASE  IN  PROBE  RADIUS.  dR/Ro 


T1VM  AilAVO  NO  3HflSS3bd 
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RELATIVE  INCREASE  IN  PROBE  RADIUS,  dR/Ro  1*1 


RELATIVE  INCREASE  IN  PROBE  RADIUS,  dfi/Ro  (X)  RELATIVE  INCREASE  IN  PROBE  RADIUS.  dfi/Ro  (Xi 
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Pavement  Pressuremeter  Test 


Parameters 


\ 
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asterwood  Airport  PPMT  Standard  Parameter  Summary 


San  Antonio  Airport  PPMT  Standard  Parameter  Summary 


I’ohhum  Kingdom  Airport  PPMT  Standard  Parameter  Summary 


Easterwood  Airport  I’l’MT  Stress  Level  Model  Parameter  Summary 


San  Antonio  Airport  IM’MT  Stress  Level  Model  Parameter  Smmnarv 


IWum  Kingdom  Airport  PPMT  Stress  l.eve|  Model  Parameter  Summary 


•oil  Ail  pol  l  PPMT  Strain  Level  Monel  Parameter  Sinniiiary 


1000  (1/ksf)  b  x  1000  (1/ksf) 


Si'n  Antonio  Airport  I’I’M  1  Strain  l.ovel  Model  1‘aiatneter  Summary 


I’osMini  Kingdom  Airport  IM’MT  Strain  Level  Model  Parainetei  Summary 


I’l’MT  Creep  Model  I’ciramelei  Summary 


Pavement 


'asterwood  Airport  PPMT  Power  Law  Exponent  Summary 


r 
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Airport  I’PMT  Power 


Computer  System  Requirements 


The  AIRPRESS  program  requires  an  IBM  PC  or  compatible  computer 
with  at  least  one  floppy  disk  drive,  256K  RAM,  DOS  2.0,  a  graphics  card, 
a  printer  and  an  HP7470A  pen  plotter. 

Program  Limitations 

This  program  will  reduce  data  from  volume-measuring  pressuremeters . 

Program  Structure 

After  the  program  has  been  properly  loaded  into  BASIC  there  are 
some  initial  displays  concerning  accreditation  and  basic  requirements. 
The  next  screen  to  appear  is  the  main  menu  from  which  the  following 

items  may  be  selected. 

1.  INPUT  MEMBRANE  CALIBRATION 

2.  INPUT  VOLUME  CALIBRATION 

3.  INPUT  PMT  TEST 

4.  USE  STORED  PMT  TEST  DATA 

5.  PLOT  TEST  ON  SCREEN 

6.  PLOT  TEST  ON  PLOTTER 

7.  NONE 

The  two  calibration  files  must  be  input  before  a  pressureme ter  test 
can  be  reduced  (1  and  2  main  menu).  The  same  calibration  files  may  be 
used  to  reduce  any  number  of  pressuremeter  tests.  The  test  data  is 

asked  for  in  terms  of  displacements  and  pressures.  The  displacement  may 
be  a  volume,  such  as  for  the  MENARD  pressuremeter,  or  a  piston  displace¬ 
ment,  such  as  for  the  TEXAM.  Once  either  a  volume  or  membrane  calibra¬ 
tion  is  chosen  the  program  asks  for  the  number  of  points  to  be  input. 

All  the  points  are  input  as  indicated  on  the  screen  and  the  prog-am  then 

allows  the  user  to  make  any  necessary  corrections.  Following  the  cor¬ 
rections  the  program  asks  for  a  multiplier  which  changes  the  probe  dis¬ 
placements  into  injected  volume  with  units  of  cubic  centimeters.  The 
pressures  may  be  input  in  any  units.  The  program  then  asks  for  a  multi¬ 
plier  to  get  the  pressures  into  ksf.  These  are  the  units  of  the  remain¬ 
ing  calculations. 

After  the  calibrations  are  input,  the  raw  data  is  input  using  the 
same  basic  procedure  with  the  exception  that  the  number  of  cycles  must 
also  be  input.  After  the  data  has  been  input,  the  user  is  giver  the 
opportunity  to  correct  the  data  for  incorrect  entries. 

The  following  information  is  also  asked  for  before  the  data  can  be 
reduced . 


1.  Test  Title  (used  as  a  heading  on  printed  results) 

2.  Inflatable  length  of  the  probe  (cm) 

3.  Initial  radius  of  the  probe  (cm) 


4 .  Depth  of  test  (ft) 

5-  Depth  to  water  table  (ft) 

6.  Unit  weight  of  soil  (pcf) 

7.  Kc  to  use  for  Pu  calculation 

8.  Initial  pressure  reading  with  probe  at  gage  height 

9.  Height  of  gage  above  ground  (ft) 

10.  File  name  for  volume  calibration 

11.  File  name  for  membrane  calibration 

The  user  is  also  given  a  chance  to  review  this  data  for  any  necessary 
correct  ions. 

A  this  point  the  corrected  pressuremeter  test  is  plotted  on  the 
screen.  The  user  is  first  asked  for  the  beginning  and  end  points  to 
calculate  an  initial  pressuremeter  modulus,  then  for  the  beginning  and 
end  points  to  calculate  a  reload  pressuremeter  modulus  along  the  first 
unloading  portion  of  the  test.  These  moduli  are  calculated  using 
equation  21  and  the  two  points  chosen.  It  is  important  to  note  that  the 
initial  modulus  is  used  to  set  up  the  starting  point  for  the  secant 
moduli  calculations  for  both  the  cycles  and  the  creep.  Once  the  user 
chooses  the  points  for  the  initial  modulus  calculation  the  program 
extrapolates  through  these  two  points  to  the  AR/R0  axis.  This  estab¬ 
lishes  a  starting  point  (Point  A,  Figure  35)  which  is  used  as  the 
initial  point  in  the  secant  moduli  calculations  associated  with  the 
cycles  and  the  creep  test.  Calculations  of  the  cyclic  PMT  modulus  is 
done  using  the  top  and  bottom  points  of  each  cycle  of  the  corrected 
curve.  The  cyclic  correction  deserves  a  special  note.  This  correction 
is  performed  using  the  membrane  and  volume  corrections  associated  with 
the  top  of  the  cycle,  on  both  the  top  and  bottom  points  of  the  cycle. 
This  yields  a  constant  correction  for  each  cycle.  The  user  is  then 
asked  for  his/her  best  estimate  of  the  limit  pressure.  Recall  that  the 
limit  pressure  is  defined  as  the  pressure  associated  with  twice  the 
initial  volume  of  the  cavity. 

The  final  results  are  saved  on  the  specified  disk  and  the  user  is 
given  the  option  of  printing  the  results  in  tabular  form  or  plotting  the 
corrected  curve  on  the  HP  plotter. 


EXAMPLE  PROGRAM  RUN 


AAAA  ZIZ  RRRRRRR 
A  A  Z  R  R 
A  A  Z  R  R 

AAAAAAAA  Z  RRRRRRR 
A  A  Z  R  R 

A  A  Z  R  R 

A  A  Z  R  R 

A  A  III  R  R 


PPPPPPP 
P  P 

P  P 

PPPPPPP 
P 
P 
P 
P 


RRRRRRR 
R  R 

R  R 

RRRRRRR 
R  R 
R  R 
R  R 
R  R 


EEEEEEE 

E 

E 

EEEEE 

8 

E 

E 

EEEEEEE 


sssssss 

s 

s 

sssssss 

s 

s 

s 

sssssss 


sssssss 

s 

s 

sssssss 


sssssss 


Paul  J. Cosenti.no,  Larry  M.  Tucker  and  Jean-Louis  Briaud 
Civil  Engineering  Department 
Texas  A&M  University 


Press  any  key  to  continue 


This  program  was  developed  to  reduce  pressuremeter 
teat  data  obtained  from  hydraulically  inflated  pres- 
suremeters.  See  the  user's  manual  for  procedures 
used  in  correcting  the  test  data,  and  for  proper  use 
of  the  program. 


i********  WARMING  l  ********** 

The  program  writer  assumes  no  responsibility  for 
the  answers  given  by  this  program. 


Press  any  key  to  continue. 
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(AMU 


YOU  MUST  HAVE  A  GRAPHICS  CARD  TO  USE  THIS  PROGRAM 


Press  any  key  to  continue. 


Note:  Membrane  and  Volume  calibrations  must  be  input  before  the  test  may 

.  / 

be  reduced. 


1.  INPUT  MEMBRANE  CALIBRATION 

2.  INPUT  VOLUME  CALIBRATION 

3.  INPUT  PMT  TEST 

4.  USE  STORED  PMT  TEST  DATA 

5.  PLOT  TEST  ON  SCREEN 
«.  PLOT  TEST  ON  PLOTTER 
7.  NONE 

CHOICE?  I 


NUMBER  OF  POINTS-  ?  25 


169 


WHAT  MULTIPLIER  TO  GET  VOLUME  READINGS  ZM  CM'*' 3 : 


1.  MULTIPLIER  -  1.0 

2.  MULTIPLIER  -  193.05 

3.  OTHER 

?  1 


Note:  Option  3  allows  input  of  any  multiplier. 


WHAT  UNITS  ARE  PRESSURE  READINGS  IN? 

1.  bars 

2.  kg/eaA2 

3.  MPa 

4.  othar 


Note:  Option  -1  allows  input  of  any  multiplier. 


WHAT  DRIVE  TO  SAVE  MEMBRANE  CALIBRATION  DATA  ON  (A/B/C)  ?  C 
WHAT  FILE  NAME  TO  SAVE  MEMBRANE  CALIBRATION  DATA  (8  CHARACTERS  MAX.) 
DATA  HILL  BE  SAVED  AS  C:EXVOL.CAL 
IS  THIS  CORRECT  (Y/N) ?  Y 


Note:  Calibration  files  are  saved  with  .CAL  extensions  unless  otherwise 
specified. 


?  EXVOL 


Note:  Input  ALL  displacements,  loading  pressures  and  unloading  pressure: 


DISPLACEMENT  1  LOADING  PRESSURE  1  UNLOADING  PRESSURE  1  ?  0,16,14 

DISPLACEMENT  2  LOADING  PRESSURE  2  UNLOADING  PRESSURE  2  ?  5,26,24 

DISPLACEMENT  3  LOADING  PRESSURE  3  UNLOADING  PRESSURE  3  ?  10,37,33 

DISPLACEMENT  4  LOADING  PRESSURE  4  UNLOADING  PRESSURE  4  ?  15,48,42 

DISPLACEMENT  S  LOADING  PRESSURE  5  UNLOADING  PRESSURE  5  ?  20,55,45 

DISPLACEMENT  6  LOADING  PRESSURE  6  UNLOADING  PRESSURE  6  ?  25,70,60 

DISPLACEMENT  7  LOADING  PRESSURE  7  UNLOADING  PRESSURE  7  ?  30,76,64 

DISPLACEMENT  8  LOADING  PRESSURE  8  UNLOADING  PRESSURE  8  ?  35,86,74 

DISPLACEMENT  9  LOADING  PRESSURE  9  UNLOADING  PRESSURE  9  ?  40,85,75 

DISPLACEMENT  10  LOADING  PRESSURE  10  UNLOADING  PRESSURE  10  ?  45.5,88,72 

DISPLACEMENT  11  LOADING  PRESSURE  11  UNLOADING  PRESSURE  11  ?  50,91,79 

DISPLACEMENT  12  LOADING  PRESSURE  12  UNLOADING  PRESSURE  12  ?  55,97,83 

DISPLACEMENT  13  LOADING  PRESSURE  13  UNLOADING  PRESSURE  13  ?  60,102,88 

DISPLACEMENT  14  LOADING  PRESSURE  14  UNLOADING  PRESSURE  14  ?  65,110,90 

DISPLACEMENT  15  LOADING  PRESSURE  15  UNLOADING  PRESSURE  15  ?  70,110,100 

DISPLACEMENT  16  LOADING  PRESSURE  16  UNLOADING  PRESSURE  16  ?  75 ,  »s* 

DISPLACEMENT  17  LOADING  PRESSURE  17  UNLOADING  PRESSURE  17  ?  80,112,98 

DISPLACEMENT  18  LOADING  PRESSURE  18  UNLOADING  PRESSURE  18  ?  85,114,106 

DISPLACEMENT  19  LOADING  PRESSURE  19  UNLOADING  PRESSURE  19  ?  90,116,114 

DISPLACEMENT  20  LOADING  PRESSURE  20  UNLOADING  PRESSURE  20  ?  95,117,113 

DISPLACEMENT  21  LOADING  PRESSURE  21  UNLOADING  PRESSURE  21  ?  100,120,116 

DISPLACEMENT  22  LOADING  PRESSURE  22  UNLOADING  PRESSURE  22  ?  105,122,118 

DISPLACEMENT  23  LOADING  PRESSURE  23  UNLOADING  PRESSURE  23  ?  110,123,117 

DISPLACEMENT  24  LOADING  PRESSURE  24  UNLOADING  PRESSURE  24  ?  115,124,122 

DISPLACEMENT  25  LOADING  PRESSURE  25  UNLOADING  PRESSURE  25  ?  120,125,125 


POINT  NO 


DISPLACEMENT  LOADING  PRESSURE 


UNLOADING  PRESS -'RE 


1 

0.00 

16.00 

14.00 

2 

5.00 

26.00 

24.00 

3 

10.00 

37.00 

33.00 

4 

15.00 

48.00 

42.00 

5 

20.00 

55.00 

45.00 

6 

25.00 

70.00 

60.00 

7 

30.00 

76.00 

64.00 

• 

35.00 

86.00 

74.00 

9 

40.00  ' 

85.00 

75.00 

10 

45.50 

88.00 

72.00 

11 

50.00 

91.00 

79.00 

12 

55.00 

97.00 

83.00 

13 

60.00 

102.00 

88.00 

14 

65.00 

110.00 

90.00 

15 

70.00 

110.00 

100.00 

Note:  Correct  any  mistakes  here. 


CORRECTIONS  (Y/N )? 


16 

75.00 

111.00 

99.00 

17 

80.00 

112.00 

98.00 

16 

85.00 

114.00 

106.00 

19 

90.00 

116.00 

114.50 

20 

95.00 

117.00 

113.00 

21 

100.00 

120.00 

116.00 

22 

105.00 

122.00 

118.00 

23 

110.00 

123.00 

117.00 

24 

115.00 

124.00 

122.00 

25 

120.00 

125.00 

125.00 

INPUTS  POINT  NUMBER  ,  DISPLACEMENT  ,  LOADING  PRESSURE  , UNLOADING  PRESSURE?  19,30 
,118,114 


1.  INPUT  MEMBRANE  CALIBRATION 

2.  INPUT  VOLUME  CALIBRATION 

3.  INPUT  PMT  TEST 

4.  USE  STORED  PMT  TEST  DATA 

5.  PLOT  TEST  ON  SCREEN 

6.  PLOT  TEST  ON  PLOTTER 

7.  NONE 

CHOICE?  2 


NUMBER  OF  POINTS-  ?  25 


PRESSURE  1  LOADING  DISPLACEMENT  1  UNLOADING  DISPLACEMENT  I  7  30,0,0 

PRESSURE  2  LOADING  DISPLACEMENT  2  UNLOADING  DISPLACEMENT  2  7  100,5,8,5.* 

PRESSURE  3  LOADING  DISPLACEMENT  3  UNLOADING  DISPLACEMENT  3  7  150,8.6,8.2 

PRESSURE  4  LOADING  DISPLACEMENT  4  UNLOADING  DISPLACEMENT  4  7  200,10.8,10.2 

PRESSURE  5  LOADING  DISPLACEMENT  5  UNLOADING  DISPLACEMENT  5  7  250,12.4,11.4 

PRESSURE  6  LOADING  DISPLACEMENT  6  UNLOADING  DISPLACEMENT  6  7  300,13.5,12.5 

PRESSURE  7  LOADING  DISPLACEMENT  7  UNLOADING  DISPLACEMENT  7  ?  350,14.6,13.3 

PRESSURE  8  LOADING  DISPLACEMENT  8  UNLOADING  DISPLACEMENT  8  ?  400,15.5,14 

PRESSURE  9  LOADING  DISPLACEMENT  9  UNLOADING  DISPLACEMENT  9  7  450,15.9,14.7 

PRESSURE  10  LOADING  DISPLACEMENT  10  UNLOADING  DISPLACEMENT  10  7  500,16.6,15.3 

PRESSURE  11  LOADING  DISPLACEMENT  11  UNLOADING  DISPLACEMENT  11  ?  600,17.5,16 

PRESSURE  12  LOADING  DISPLACEMENT  12  UNLOADING  DISPLACEMENT  12  ?  700,18.2,16.8 

PRESSURE  13  LOADING  DISPLACEMENT  13  UNLOADING  DISPLACEMENT  13  ?  800,18.8,17.6 

PRESSURE  14  LOADING  DISPLACEMENT  14  UNLOADING  DISPLACEMENT  14  ?  900,19.5,18 

PRESSURE  15  LOADING  DISPLACEMENT  15  UNLOADING  DISPLACEMENT  15  ?  1000,20,19.5 

PRESSURE  16  LOADING  DISPLACEMENT  16  UNLOADING  DISPLACEMENT  16  ?  1100,20.5,19 

PRESSURE  17  LOADING  DISPLACEMENT  17  UNLOADING  DISPLACEMENT  17  7  1200,20.65,19.4 

5 

PRESSURE  18  LOADING  DISPLACEMENT  18  UNLOADING  DISPLACEMENT  18  ?  1300,21,19.8 

PRESSURE  19  LOADING  DISPLACEMENT  19  UNLOADING  DISPLACEMENT  19  ?  1400,21.5,20 

PRESSURE  20  LOADING  DISPLACEMENT  20  UNLOADING  DISPLACEMENT  20  ?  1500,22,20.2 

PRESSURE  21  LOADING  DISPLACEMENT  21  UNLOADING  DISPLACEMENT  21  7  1600,21.9,20.75 


PRESSURE  22  LOADING  DISPLACEMENT  22  UNLOADING  DISPLACEMENT  22  7  1700,21.9,21.3 
PRESSURE  23  LOADING  DISPLACEMENT  23  UNLOADING  DISPLACEMENT  23  7  1800,22.4,21.4 
PRESSURE  24  LOADING  DISPLACEMENT  24  UNLOADING  DISPLACEMENT  24  7  1900,22.3,21.9 
PRESSURE  25  LOADING  DISPLACEMENT  25  UNLOADING  DISPLACEMENT  25  7  2000,22.3,22.: 


POINT  NO.  PRESSURE  LOADING  DISPLACEMENT  UNLOADING  DISPLACEMENT 


1 

30.00 

0.00 

0 

00 

2 

100.00 

5.80 

5 

40 

3 

150.00 

8.60 

8. 

20 

4 

200.00 

10.80 

10 

20 

5 

250.00 

12.40 

11 

40 

6 

300.00 

13.50 

12 

50 

7 

350.00 

14.60 

13 

30 

8 

400.00 

15.50 

14 

00 

9 

450.00 

15.90 

14 

70 

10 

500.00 

16.60 

15 

30 

11 

600.00 

17.50 

16 

00 

12 

700.00 

18.20 

16 

80 

13 

800.00 

18.80 

17 

60 

14 

900.00 

19.50 

18 

00 

15 

1000.00 

20.00 

19 

50 

POINT  MO 


PUSSUU 


LOADING  DISPLACQCENT 


UNLOADING  DISPLACEMENT 


i« 

1100.00 

30. SO 

19.00 

17 

1300.00 

30.  SS 

19. 4S 

IS 

1300.00 

31.00 

19.  SO 

19 

1400.00 

31. SO 

30.00 

30 

1SOO.OO 

33.00 

30.30 

31 

1400.00 

31.90 

30. 7S 

33 

1700.00 

31.90 

31.30 

33 

1S00.00 

33.40 

31.40 

34 

1900.00 

- 

33.30 

31.90 

35 

3000.00 

33.30 

33.30 

CORRECT IONS  (Y/N)? 


WHAT  MULTIPLIER  TO  GET  VOLUME  READINGS  IN  CXA3t 

1.  MULTIPLIER  *1.0 
3.  MULTIPLIER  *  193. OS 
3.  OTHER 

7  I 


WHAT  UNITS  ARE  PRESSURE  READINGS  IN? 

1.  bars 
3.  kg/cs“3 

3.  kPa 

4 .  othsr 


VOLUME  CALIBRATION 


»  :  9ELETI  POINT 


MINING  POINTS 


nrn  x.  #.  ox « 


3(1  12  13  IS  21  24  27 

00U1NE  (01*3) 


This  screen  allows  for  the  adjustment  of  the  volume  calibration  curve  to 


account  for  the  size  of  the  steel  calibration  tube.  A  large  circle  now  located  on 


the  first  point  at  the  origin  moves  along  the  curve  and  allows  the  user  to  keep  the 


point  (K),  delete  the  point  (D)  or  keep  all  remaining  points  (A).  The  program 
draws  a  straight  line  between  the  first  two  points  that  are  kept  and  re-zeroes 


the  calibration  curve  at  the  intersection  of  this  line  with  the  volume  axis 


WUT  DRIVE  TO  SAVE  VOLUME  CALIBRATION  DATA  ON  (A/B/C)?  c 
WHAT  FILE  NAME  TO  SAVE  VOLUME  CALIBRATION  DATA  (8  CHARACTERS  MAX.) 
DATA  WILL  BE  SAVED  AS  c:volu»a.CAL 
IS  THIS  CORRECT  (Y/N) ?  y 


1.  INPOT  MEMBRANE  CALIBRATION 

2.  INPOT  VOLUME  CALIBRATION 

3.  INPOT  PHT  TEST 

4.  USE  STORED  PMT  TEST  DATA 
3.  PLOT  TEST  ON  SCREEN 

6.  PLOT  TEST  ON  PLOTTER 

7.  NONE 

CHOICE?  3 


WHAT  DRIVE  TO  SAVE  PHT  DATA  ON  (A/B/C)?  C 

WHAT  FILE  NAME  TO  SAVE  PMT  DATA  IN  (8  CHAR.  MAX.)?  aa375apt 

FILES  WILL  BE  SAVED  AS:  c: «a375apt . RAW 

c: aa37Sapt.DAT 
c:aa375apt.RST 


?  voluaa 


IS  THIS  CORRECT?  y 


NUMBER  OF  POINTS-  ?  70 
NUMBER  OF  CYCLES-?  10 

DISPLACEMENT  1  PRESSURE  1  TIME  (min)  1  ?  0,-5, 

DISPLACEMENT  2  PRESSURE  2  TIME  (ain)  2  ?  2,0, 

DISPLACEMENT  3  PRESSURE  3  TIME  (ain)  3  ?  4.3,5 

?Redo  froa  start 
?  4.5,5, 


DISPLACEMENT 

4  PRESSURE 

4  TIME  (ain)  4 

?  « 

i/15, 

DISPLACEMENT 

5  PRESSURE 

5  TIME  (Bin)  5 

?  8 

1/45, 

DISPLACEMENT 

6  PRESSURE 

6  TIME  (Bin)  6 

?  10, 

85, 

DISPLACEMENT 

7  PRESSURE 

7  TIME  (Bin)  7 

?  15, 

200, 

DISPLACEMENT 

8  PRESSURE 

8  TIME  (Bin)  8 

?  20, 

340, 

DISPLACEMENT 

9  PRESSURE 

9  TIME  (Bin)  9 

?  25, 

470, 

DISPLACEMENT 

10 

PRESSURE 

10 

TIME 

(min) 

10 

7 

30,575, 

DISPLACEMENT 

11 

PRESSURE 

11 

TIME 

(ain) 

11 

7 

27,275, 

DISPLACEMENT 

12 

PRESSURE 

12 

TIME 

(min) 

12 

7 

30.3,575, 

DISPLACEMENT 

13 

PRESSURE 

13 

TIME 

(ain) 

13 

7 

27.5,275, 

DISPLACEMENT 

14 

PRESSURE 

14 

TIME 

(Bin) 

14 

? 

30.6,575, 

DISPLACEMENT 

15 

PRESSURE 

15 

TIME 

(ain) 

15 

? 

27.85,275, 

DISPLACEMENT 

16 

PRESSURE 

16 

TIME 

(Bin) 

16 

? 

30.95,575, 

DISPLACEMENT 

17 

PRESSURE 

17 

TIME 

(Bin) 

17 

? 

28.25,275, 

DISPLACEMENT 

18 

PRESSURE 

18 

TIME 

(min) 

18 

? 

31.1,575, 

DISPLACEMENT 

19 

PRESSURE 

19 

TIME 

(Bin) 

19 

■> 

28.35,275, 

DISPLACEMENT 

20 

PRESSURE 

20 

TIME 

(ain) 

20 

? 

31.3,575, 

DISPLACEMENT 

21 

PRESSURE 

21 

TIME 

(ain) 

21 

? 

28.75,275, 

DISPLACEMENT 

22 

PRESSURE 

22 

TIME 

(Bin) 

22 

? 

31.4,575, 

DISPLACEMENT 

23 

PRESSURE 

23 

TIME 

(Bin) 

23 

? 

28.9,275, 

DISPLACEMENT 

24 

PRESSURE 

24 

TIME 

(ain) 

24 

•> 

• 

31.6,575, 

DISPLACEMENT 

25 

PRESSURE 

25 

TIME 

(Bin) 

25 

? 

29,275, 

DISPLACEMENT 

26 

PRESSURE 

26 

TIME 

(ain) 

26 

? 

31.7,575, 

DISPLACEMENT 

27 

PRESSURE 

27 

TIME 

(■in) 

27 

? 

29.25,275, 

DISPLACEMENT 

28 

PRESSURE 

28 

TIME 

(Bin) 

28 

? 

31.8,575, 

DISPLACEMENT 

29 

PRESSURE 

29 

TIME 

(ain) 

29 

? 

35,660, 

DISPLACEMENT 

30 

PRESSURE 

30 

TIME 

(Bin) 

30 

? 

40,725, 

DISPLACEMENT 

31 

PRESSURE 

31 

TIME 

(ain) 

31 

? 

45,780,0 

DISPLACEMENT 

32 

PRESSURE 

32 

TIME 

(Bin) 

32 

? 

45.3,780, .25 

DISPLACEMENT 

33 

PRESSURE 

33 

TIME 

(ain) 

33 

? 

45.6,780, .5 

DISPLACEMENT 

34 

PRESSURE 

34 

TIME 

(ain) 

34 

? 

45.85,780, .75 

DISPLACEMENT 

35 

PRESSURE 

35 

TIME 

(ain) 

35 

? 

46.1,780,1 

DISPLACEMENT 

36 

PRESSURE 

36 

TIME 

(ain) 

36 

? 

46.25,780,1.25 

DISPLACEMENT 

37 

PRESSURE 

37 

TIME 

(ain) 

37 

? 

46.4,780,1.5 

DISPLACEMENT 

38 

PRESSURE 

38 

TIME 

(ain) 

38 

? 

46.5,780,1.75 

DISPLACEMENT 

39 

PRESSURE 

39 

TIME 

(ain) 

39 

? 

46.7,780,2 

DISPLACEMENT 

40 

PRESSURE 

40 

TIME 

(ain) 

40 

? 

46.8,780,2.25 

DISPLACEMENT 

40 

PRESSURE 

40 

TIME 

(aln) 

40 

*> 

46. 

8,780,2.25 

DISPLACEMENT 

41 

PRESSURE 

41 

TIME 

(Bin) 

41 

7 

46. 

95,47.15,2.5 

DISPLACEMENT 

42 

PRESSURE 

42 

TIME 

(Bin) 

42 

? 

47. 

15,780,3 

DISPLACEMENT 

43 

PRESSURE 

43 

TIME 

(Bin) 

43 

? 

47. 

4,780,3.5 

DISPLACEMENT 

44 

PRESSURE 

44 

TIME 

(Bln) 

44 

? 

47. 

6,780,4 

DISPLACEMENT 

45 

PRESSURE 

45 

TIME 

(Bin) 

45 

7 

47. 

85,780,4.5 

DISPLACEMENT 

46 

PRESSURE 

46 

TIME 

(Bin) 

46 

7 

47. 

95,780,5 

DISPLACEMENT 

47 

PRESSURE 

47 

TIME 

(Bin) 

47 

? 

50, 

800, 

DISPLACEMENT 

48 

PRESSURE 

48 

TIME 

(ain) 

48 

7 

55, 

845, 

DISPLACEMENT 

49 

PRESSURE 

49 

TIME 

(Bin) 

49 

7 

60, 

890, 

DISPLACEMENT 

50 

PRESSURE 

50 

TIME 

(Bin) 

SO 

7 

65, 

915, 

DISPLACEMENT 

51 

PRESSURE 

51 

TIME 

(■in) 

51 

7 

70, 

950, 

DISPLACEMENT 

52 

PRESSURE 

52 

TIME 

(Bin) 

52 

? 

75, 

9‘,5. 

DISPLACEMENT 

53 

PRESSURE 

53 

TIME 

(Bin) 

53 

? 

80, 

1000, 

DISPLACEMENT 

54 

PRESSURE 

54 

TIME 

(Bin) 

54 

? 

85, 

1020, 

DISPLACEMENT 

55 

PRESSURE 

55 

TIME 

(Bin) 

55 

7 

90. 

1,1040, 

DISPLACEMENT 

56 

PRESSURE 

56 

TIME 

(Bin) 

56 

? 

95, 

1055, 

DISPLACEMENT 

57 

PRESSURE 

57 

TIME 

(Bin) 

57 

7 

100 

,1070, 

DISPLACEMENT 

sa 

PRESSURE 

58 

TIME 

(Bin) 

58 

? 

105 

,1090, 

DISPLACEMENT 

59 

PRESSURE 

59 

TIME 

(Bin) 

59 

7 

110 

,1105, 

DISPLACEMENT 

60 

PRESSURE 

60 

TIME 

(ain) 

60 

7 

115 

,1120, 

DISPLACEMENT 

61 

PRESSURE 

61 

TIME 

(Bin) 

61 

? 

120 

,1125, 

DISPLACEMENT 

62 

PRESSURE 

62 

TIME 

(■in) 

62 

7 

119 

.5,925, 

DISPLACEMENT 

63 

PRESSURE 

63 

TIME 

(»in) 

63 

? 

119 

,840, 

DISPLACEMENT 

64 

PRESSURE 

64 

TIME 

(Bin) 

64 

7 

117 

.9,740, 

DISPLACEMENT 

65 

PRESSURE 

65 

TIME 

(Bin) 

65 

7 

115 

,585, 

DISPLACEMENT 

66 

PRESSURE 

66 

TIME 

(Bin) 

66 

7 

114 

-1,550, 

DISPLACEMENT 

67 

PRESSURE 

67 

TIME 

(Bin) 

67 

? 

114 

.6,680, 

DISPLACEMENT 

68 

PRESSURE 

68 

TIME 

(Bin) 

68 

7 

114 

.1,565, 

DISPLACEMENT 

69 

PRESSURE 

69 

TIME 

(Bin) 

69 

7 

112 

,490, 

DISPLACEMENT 

70 

PRESSURE 

70 

TIME 

(Bin) 

70 

? 

105 

,330, 

POINT  NO 


DISPLACEMENT 


PRESSURE 


TIME 


1 

0.00 

2 

2.00 

3 

4.30 

4 

6.00 

5 

8.00 

6 

10.00 

7 

15.00 

8 

20.00 

9 

25.00 

10 

30.00 

11 

27.00 

12 

30.30 

13 

27.50 

14 

30.60 

15 

27.85 

CORRECTIONS  (Y/N)? 


-5.00 

0.00 

0.00 

0.00 

5.00 

0.00 

15.00 

0.00 

45.00 

0.00 

85.00 

0.00 

200.00 

0.00 

340.00 

0.00 

470.00 

0.00 

575.00 

0.00 

275.00 

0.00 

575.00 

0.00 

275.00 

0.00 

575.00 

0.00 

275.00 

0.00 

POINT  NO. 

DISPLACEMENT 

16 

30.95 

17 

28.25 

18 

31.10 

19 

28.35 

20 

31.30 

21 

28.75 

22 

31.40 

23 

28.90 

24 

31.60 

25 

29.00 

26 

31.70 

27 

29.25 

28 

31.80 

29 

35.00 

30 

40.00 

PRESSURE 

TIME 

575.00 

0.00 

275.00 

0.00 

575.00 

0.00 

275.00 

0.00 

575.00 

0.00 

275.00 

0.00 

575.00 

0.00 

275.00 

o.co 

575.00 

0.00 

275.00 

0.00 

575.00 

0.00 

275.00 

0.00 

575.00 

0.00 

660.00 

0.00 

725.00 

0.00 

POINT  NO. 

DISPLACEMENT 

PRESSURE 

TIME 

31 

45.00 

780.00 

0.00 

32 

45.30 

780.00 

0.25 

33 

45.60 

780.00 

0.50 

34 

45.85 

780.00 

0.75 

35 

46.10 

780.00 

1.00 

36 

46.25 

780.00 

1.25 

37 

46.40 

780.00 

1.50 

38 

46.50 

780.00 

1.75 

39 

46.70 

780.00 

2.00 

40 

46.80 

780.00 

2.25 

41 

46.95 

47.15 

2.50 

42 

47.15 

780.00 

3.00 

43 

47.40 

780.00 

3.50 

44 

47.60 

780.00 

4.00 

45 

47.85 

780.00 

4.50 

CORRECTIONS  (Y/N)  ?  y  POINT  NO., DISPLACEMENT, PRESSURE, TIME,  41,46.95, 
780,2.5 


POINT  NO. 

DISPLACEMENT 

PRESSURE 

TIME 

31 

45.00 

780.00 

0.00 

32 

45.30 

780.00 

0.25 

33 

45.60 

780.00 

0.50 

34 

45.85 

780.00 

0.75 

35 

46.10 

780.00 

1.00 

36 

46.25 

780.00 

1.25 

37 

46.40 

780.00 

1.50 

38 

46.50 

780.00 

1.75 

39 

46.70 

780.00 

2.00 

40 

46.80 

780.00 

2.25 

41 

46.95 

780.00 

2.50 

42 

47.15 

780.00 

3.00 

43 

47.40 

780.00 

3.50 

44 

47.60 

780.00 

4.00 

45 

47.85 

780.00 

4.50 

CORRECTIONS  (Y/N)? 


POINT  NO. 


DISPLACEMENT 


PRESSURE 


TIME 


46 

47.95 

780.00 

5.0  0 

47 

50.00 

800.00 

0.00 

48 

55.00 

845.00 

0.00 

49 

60.00 

890.00 

0.00 

50 

65.00 

915.00 

0.00 

51 

70.00 

950.00 

0.00 

52 

75.00 

975.00 

0.00 

53 

80.00 

1000.00 

0.00 

54 

85.00 

1020.00 

0.00 

55 

90.10 

1040.00 

0.00 

56 

95.00 

1055.00 

0.00 

57 

100.00 

1070.00 

0.00 

58 

105.00 

1090.00 

0.00 

59 

110.00 

1105.00 

0.00 

6  0 

115.00 

1120.00 

0.00 

CORRECTIONS 

(Y/N)? 

POINT  NO. 

DISPLACEMENT 

PRESSURE 

TIME 

61 

120.00 

1125.00 

0.00 

62 

119.50 

925.00 

0.00 

63 

119.00 

840.00 

0.00 

64 

117.90 

740.00 

0.00 

65 

115.00 

585.00 

0.00 

66 

114.10 

550.00 

0.00 

67 

114.60 

680.00 

0.00 

68 

114.10 

565.00 

0.00 

69 

112.00 

490.00 

0.00 

70 

105.00 

330.00 

0.00 

CORRECTIONS  (Y/N)? 
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TEST  TITLE  ?  EASTERWOOD  AIRPORT  (EA-3)  61"  AIRPORT  PUT  TEST  RESULTS 

INFLATABLE  LENGTH  OF  PROBE  (CM)?  24.6 

INITIAL  RADIUS  OF  PROBE  (CM)?  1.666 

DEPTH  OF  TEST  (FT)?  5.08333 

DEPTH  TO  WATER  TABLE  (FT)?  15 

UNIT  WEIGHT  OF  SOIL  (PCF)?  130 

Ko  TO  USE  FOR  Po  CALCULATION?  .8 

INITIAL  PRESSURE  READING  AT  GAGE  HEIGHT?  0 

HEIGHT  OF  GAGE  ABOVE  GROUND  (FT)?  3.5 

WHAT  IS  FILE  NAME  OF  VOLUME  CALIBRATION  (DRIVE: FILENAME. CAL) ?  A:EAVOL2.CAL 
WHAT  IS  FILE  NAME  OF  MEMBRANE  CALIBRATION  ( DRIVE: FILENAME. CAL)  ?  A: EAMEM2 . CAL 

CHECK  INPUT  INFORMATION 

Press  <return>  to  aove  to  next  itea.  Ratypa  necessary  changes. 


TEST  TITLE:  EASTERWOOD  AIRPORT  (EA-3)  61"  AIRPORT  PUT  TEST  RESULTS 

CM 
CM 
FT 
FT 
PCF 

FT 


MORE  CORRECTIONS  (if/N)  ? 


INFLATABLE  LENGTH  OF  PROBE . 24.6 

INITIAL  RADIUS  OF  PROBE . 1.666 

DEPTH  OF  TEST .  5.08333 

DEPTH  TO  WATER  TABLE . 15 

UNIT  WEIGHT  OF  SOIL . 130 

Ko  . 8 

INITIAL  PRESSURE  READING  AT  GAGE  HEIGHT  ...  0 

HEIGHT  OF  GAGE  ABOVE  GROUND . 3.5 

VOLUME  CALIBRATION  FILE . A:EAVOL2.CAL 

MEMBRANE  CALIBRATION  FILE  .  A : EAMEM2 . CAL 
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WHAT  MULTIPLIER  TO  GET  VOLUME  READINGS  IN  CMA3 


1.  MULTIPLIER  -1.0 

2.  MULTIPLIER  -  193.05 

3.  OTHER 


WHAT  UNITS  ARE  PRESSURE  READINGS  IN? 

1 .  bars 

2.  kg/cmA2 

3.  kPa 

4 .  other 
?  3 


COMMENT  :  Program  pressures  operate  in  kips  per  square  foot. 


******  REDUCING  test  data  ****** 
******  PLEASE  WAIT  ****** 


a 


18 

aR/Bo  (X) 


szua  TWO  POINTS 
TOR  INITIAL  MODULUS 

puns  y  -  snici 

N  -  PASS 
B  *  BEGIN 
AGAIN 

Eo=  928  ksf 

REPEAT  FOR  RELOAB 
MODULUS  MIRING  UN¬ 
LOAD  I  NO  FROM  P(ltM) 
Q  -  FOR  NO  RELOAD 
Ip:  4838  ksf 

ESTIMATE  OF  UNIT 
PRESSURE  (ksf) 

?  24| 


Note:  This  screen  allows  the  user  to  specify  the  two  points  which  will  be 
used  first  to  calculate  the  initial  modulus  and  then  the  reload  modulus  which  is 
along  the  first  unloading  portion  of  the  curve.  This  is  done  with  the  large  circle 
moving  along  the  curve  and  allowing  the  user  to  (Y)  select  the  point  or  (N)  pass 
the  point.  After  the  points  have  been  selected  the  user  is  asked  for  an  estimate 
of  the  limit  pressure. 


1.  PRINT  RESULTS 

2.  PLOT  RESULTS  ON  PLOTTER 

3.  NONE 

CHOICE? 


i 


INPUT  FILE  NAME  TO  SAVE  CYCLIC  MODULI  (drive: filename. CYC) ?  C:EA373APT.CYC 

FILE  MILL  BE  SAVED  AS  C:EA37SAPT.CYC 
IS  THIS  CORRECT?  Y 


INPUT  FILE  NAME  TO  SAVE  CREEP  MODULI  (drive: filename. CRP) ?  C: EA375APT. CRP 

FILE  WILL  BE  SAVED  AS  C:EA375APT.CRP 
IS  THIS  CORRECT?  Y 


INPUT  FII£  NAME  TO  SAVE  ACCUMULATED  STRAINS  (drive:  filename.  ACC)  ?  C:EA37SAPT.ACC 

FILE  WIL  BE  SAVED  AS  C:EA375AFT.ACC 
IS  THIS  CORRECT  (Y/N)?  Y 
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TURN  PRINTER  ON 


i 


•I1!' 

$ 

V. 


«s 

h 


a 


PRESS  ANY  XZY  TO  CONTINUE 


EASTERWOOD  AIRPORT  (EA-3)  61"-DEPTH  CPMT  STANDARD  AIRPORT  TEST 


POINT 

NUMBER 


MEASURED 

VOLUME 


MEASURED 

PRESSURE 


CORR.  VOL. 
INCREASE 


dR/Ro 


CORRECTED  CYCLE  TIME 
PRESSURE  NO. 


30.000 

575.0 

27.000 

275.0 

30.300 

575.0 

27.500 

275.0 

30.600 

575.0 

27.850 

275.0 

30.950 

575.0 

28.250 

275.0 

31.100 

575.0 

28.350 

275.0 

31.300 

575.0 

28.750 

275.0 

31.400 

575.0 

28.900 

275.0 

31.600 

S7S.0 

29.000 

275.0 

31.700 

575.0 

29.250 

275.0 

31.800 

575.0 

35.000 

660.0 

40.000 

725.0 

45.000 

780.0 

45.300 

780.0 

45.600 

780.0 

45.850 

780.0 

46.100 

780.0 

46.250 

780.0 

46.400 

780.0 

46.500 

780.0 

46.700 

780.0 

46.800 

780.0 

46.950 

780.0 

47.150 

780.0 

47.400 

780.0 

47.600 

780.0 

47.850 

780.0 

47.950 

780.0 

50.000 

800.0 

55.000 

845.0 

60.000 

890.0 

65.000 

915.0 

70.000 

950.0 

75.000 

975.0 

80.000 

1000.0 

85.000 

1020.0 

90.100 

1040.0 

95.000 

1055.0 

100.000 

1070.0 

105.000 

1090.0 

110.000 

1105.0 

115.000 

1120.0 

120.000 

1125.0 

119.500 

925.0 

119.000 

840.0 

117.900 

740.0 

115.000 

585.0 

114.100 

550.0 

114.600 

680.0 

114.100 

565.0 

112.000 

490.0 

105.000 

330.0 

18.32 

4.18 

15.32 

3.51 

18.62 

4.25 

15.82 

3.62 

18.92 

4.32 

16.17 

3.70 

19.27 

4.40 

16.57 

3.79 

19.42 

4.43 

16.67 

3.81 

19.62 

4.47 

17.07 

3.90 

19.72 

4.50 

17.22 

3.94 

19.92 

4.54 

17.32 

3.96 

20.02 

4.56 

17.57 

4.02 

20.12 

4.58 

22.66 

5.15 

27.19 

6.15 

31.81 

7.16 

32.11 

7.22 

32.41 

7.29 

32.66 

7.34 

32.91 

7.40 

33.06 

7.43 

33.21 

7.46 

33.31 

7.48 

33.51 

7.53 

33.61 

7.55 

33.76 

7.58 

33.96 

7.62 

34.21 

7.68 

34.41 

7.72 

34.66 

7.78 

34.76 

7.80 

36.67 

8.21 

41.43 

9.23 

46.18 

10.24 

51.05 

11.27 

55.88 

12.27 

60.75 

13.28 

65.63 

14.28 

70.54 

15.28 

75.55 

16.28 

80.38 

17.25 

85.31 

18.23 

90.22 

19.19 

95.17 

20.15 

100.11 

21.11 

105.10 

22.06 

104.60 

21.97 

104.10 

21.87 

103.00 

21.66 

100.10 

21.10 

99.20 

20.93 

102.11 

21.49 

101.61 

21.40 

99.51 

20.99 

92.51 

19.64 

9.30 

0 

0.00 

11.39 

1 

0.00 

5.19 

2 

0.00 

11.38 

2 

0.00 

5.18 

3 

0.00 

11.37 

3 

0.00 

5.17 

4 

0.00 

11.35 

4 

0.00 

5.16 

5 

0.00 

11.35 

5 

0.00 

5.16 

6 

0.00 

11.34 

6 

0.00 

5.15 

7 

0.00 

11.33 

7 

0.00 

5.15 

8 

0.00 

11.32 

8 

0.00 

5.15 

9 

0.00 

11.32 

9 

0.00 

5.14 

10 

0.00 

11.32 

11 

0.00 

12.96 

0 

0.00 

14.31 

0 

0.00 

15.46 

0 

0.00 

15.46 

0 

0.25 

15.46 

0 

0.50 

15.45 

0 

0.75 

15.45 

0 

1.00 

15.44 

0 

1.25 

15.44 

0 

1.50 

15.44 

0 

1.75 

15.43 

0 

2.00 

15.43 

0 

2.25 

15.43 

0 

2.50 

15.42 

0 

3.00 

15.42 

0 

3.50 

15.41 

0 

4.00 

15.41 

0 

4.50 

15.41 

0 

5.00 

15.78 

0 

0.00 

16.61 

0 

0.00 

17.45 

0 

0.00 

17.86 

0 

0.00 

18.49 

0 

0.00 

19.01 

0 

0.00 

19.53 

0 

0.00 

19.85 

0 

0.00 

20.16 

0 

0.00 

20.47 

0 

0.00 

20.72 

0 

0.00 

21.10 

0 

0.00 

21.41 

0 

0.00 

21.66 

0 

0.00 

21.73 

0 

0.00 

17.55 

0 

0.00 

15.78 

0 

0.00 

13.71 

0 

0.00 

10.49 

0 

0.00 

9.77 

0 

0.00 

12.48 

0 

0.00 

10.09 

0 

0.00 

8.55 

0 

0.00 

5.23 

0 

0.00 

O.S  kaf  PI  -  24.0  kae  PI*  -  33.5  kat 

930  leaf  El  -  7086  kat  E3  -  4030  luf  E*«C  -  1706  kat 
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EASTERWOOD  AIRPORT  (EA-3)  61 “-DEPTH  CPMT  STANDARD  AIRPORT  TEST 


TABLE  OP  CYCLIC  AMO  SECANT  MODULI  RESULTS 


CYCLE 

NUMBER 

(M) 

CYCLIC 

MODULUS 

(***) 

Ec(M) 

Ec(l) 

SECANT 

MODULUS 

(*•*) 

ES(M) 

*■(1) 

2 

1154. S3 

1.00 

572.94 

1.00 

3 

1230.74 

1.07 

558.71 

0.98 

4 

1231.16 

1.07 

542.97 

0.95 

5 

1341.17 

1.16 

536.49 

0.94 

6 

1295.24 

1.12 

528.08 

0.92 

7 

1444.38 

1.25 

523.97 

0.91 

8 

1417.51 

1.23 

515.94 

0.90 

9 

1417.64 

1.23 

512.01 

0.89 

10 

1502.38 

1.30 

508.14 

0.89 

EASTERWOOD 

AIRPORT  (EA-3) 

61"-DEPTH 

CPMT  STANDARD 

AIRPORT 

TABLE  OF  CREEP  MODULI 


POINT 

NUMBER 

(N) 

SECANT 

MODULUS 

<*•<) 

TIME 

(Bin) 

E»(N) 

E»(l) 

32 

377.45 

0.25 

1.00 

33 

373.24 

0.50 

0.99 

34 

369.72 

0.75 

0.98 

35 

366.26 

1.00 

0.97 

36 

364.21 

1.25 

0.96 

37 

362.19 

1.50 

0.96 

38 

360.86 

1.75 

0.96 

39 

358.22 

2.00 

0.95 

40 

356.91 

2.25 

0.95 

41 

354.98 

2.50 

0.94 

42 

352.42 

3.00 

0.93 

43 

349.28 

3.50 

0.93 

44 

346.81 

4.00 

0.92 

45 

343.77 

4.50 

0.91 

46 

342.57 

5.00 

0.91 

i 

i 


* 

I 


I 

i 


t 

i 


i 


» 


t 


EASmUOOO  AIRPORT  (EA'3) 


APPENDIX  D 


Cyclic  Tri.axial  Test  Results 


193 

mmmmmmmsmmsm 


•pTT  r|  rTT-j-r  r  r  |  t  i  rprr  rjrrryT 


TOTAL  STRAIN  X  l0“-2  Cln/ln) 


TOTAL  STRAIN  X  1Q--2  (ln/lrO 


Eutcrwooil  Airport  8*  Cyclic  Trmcial  Tot  Hnulta 


TOTAL  STRAIN  X  10‘-2  tln/i.i) 


Lastcrwooil  Airport  !!'  t-yilic  Triaxiul  lest  Results 


San  Antonio  Airport  2*  Cyclic  Triaxial  Trsi  Krsulla 


San  \iit«»nio  Airport  3*  f'jrrlic  Tuaxial  I*sl  iNsulU 


197 


OC VIATOR  STRESS  <haf>  OEVIATOR  STRESS  Chaf) 


I i 


I  Z  3  4  S 

TOTAL  STRAIN  X  10*-2  (In/trO 


S»n  Aiilnum  \u|)< >r«  10’  Cjrrlit  Triuiul  Tr»l  Result* 


200 


Note:  Result*  Sliu*n  ere  fur 
Cycle*  1,  10,  20,  50,  100  end 
200,  for  each  at  level. 


a - "j  I  I  ksf 

# . *i  *  U  W 


TOTAL  STRAIN  X  IQ--2  Cln/lrO 


l'o»»iiin  Kingdom  ti"  Cyclic  Triaeiel  Test  Results 


1 - - - 1 - ' - 1 - ' - 

* - -  ■  —  -  2.11  ksf 


Piesum  Kingdom  Airimrl  I'  Cyclic  Tnuisl  lest  Results 


cyclic  n  -  resilient  n  -  sec 


Easterwood  Airport  CT  Power  l.aw  Kxponenl  Summary 


cyclic  n  -  resilient  n  -  secant  n  -accetrain 


San  Antonio  Airport  Cl’  Pow«*r  Law  Exponent  Summary 


APPENDIX  E 


Falling  Weight  De f lectometer  Test  Results 


NOTE:  These  tests  were  performed  by  ERES  International,  Inc. 
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OBJECTIVE  OF  STUDY 


The  objective  of  this  study  was  to  determine  the  foundation  support 
conditions  acting  at  Eastervood,  San  Antonio  International  and  Possum 
Kingdom  Airports  using  nondestructive  deflection  measurements.  Deflection 
testing  was  conducted  on  March  25-26,  1986  using  the  ER.ES  falling  weight 
def lectometer  (FWD) .  Testing  was  conducted  on  12  selected  slabs  along  the 
apron  at  Eastervood  Airport,  on  15  selected  slabs  along  the  cargo  apron 
area  at  San  Antonio  International  Airport  and  at  20  selected  flexible 
pavement  locations  along  a  taxiway  at  Possum  Kingdom  Airport. 

For  each  PCC  slab  tested,  loads  of  approximately  9,000,  13,000,  17,000 
and  23,000  pounds-force  were  applied  with  surface  deflections  measured  at 
seven  remote  locations  ranging  from  0"  to  72"  (spaced  at  12  inch 
intervals)  from  the  center  of  loading.  The  loading  plate  was  positioned 
at  central  slab  areas  and  along  transverse  and  longitudinal  joints  and 
cracks.  Additionally,  repeated  loading  cycles  were  conducted  on  4  slabs 
(1  at  Eastervood  and  3  at  San  Antonio)  using  a  23,000  pounds-force  load. 

At  Possum  Kingdom  Airport,  loads  of  approximately  9,000,  13,000  and 
17,000  pounds-force  were  applied  at  each  location.  Two  test  locations 
were  selected  for  cyclical  testing  using  a  17,000  and  a  23,000 
pounds-force  load.  Surface  deflections  were  measured  at  remote  points 
identical  to  those  described  above. 


CONCRETE  PAVEMENT  ANALYSIS 

The  initial  step  of  the  rigid  pavement  analysis  is  the  determination 
of  the  elastic  modulus  of  the  concrete  slab.  This  vas  done  using 
deflection  measurements  taken  at  center  slab  locations  at  San  Antonio 
International  and  Eastervood  Airports  along  with  supplied  pavement 
thicknesses.  The  correct  pavement  thickness  is  important  in  this  step  of 
the  analysis.  The  deflection  data  indicates  a  large  deviation  in 
thicknesses  from  the  new  apron  to  the  old  apron  at  Easterwood  Airport. 

The  analysis  was  completed  using  a  7  inch  slab  thickness  along  the  old 
apron,  an  11  inch  slab  thickness  at  station  1ACEN  and  a  9  inch  pavement 
thickness  at  stations  1BCEN  and  1CCEN  on  the  new  apron.  A  constant  16 
inch  slab  thickness  was  for  all  San  Antonio  Int'l  Airport  locations. 

The  deflection  basin  "AREA"  was  computed  for  each  load  value  using  the 
equation: 

"AREA"  -  (6/DO)*(DO+2Dl+2D2+2D3+2D4*-2D5+D6) 

The  maximum  deflection  measured  directly  beneath  the  load  plate,  DO,  was 
used  along  with  the  calculated  basin  "AREA"  to  determine  the  slab's 
modulus  using  graphical  procedures  as  shown  in  Figure  1.  The  lines  shown 
for  each  E-value  were  determined  using  the  ILLISLAB  finite  element 
computer  program.  Surface  deflections  were  calculated  using  ILLISLAB  at 
points  coincident  with  the  FWD  sensor  locations  making  direct  comparisons 
between  measured  and  computed  values  possible.  Due  to  the  fact  that  the 
measured  load  transfer  was  quite  high,  no  adjustments  for  joint  effects 
were  necessary. 

The  resilient  modulus  of  the  subgrade  was  then  determined  using  an 
iterative  process  which  again  compared  measured  Su  face  deflections  to 
those  calculated  by  the  computer.  Tha  base  course  modulus  was  confined  to 
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250,000  psi  for  asphaltic  materials  and  to  25,000  psi  for  granular 
materials  during  these  iterations.  These  numbers  where  chosen  as 
representative  of  the  materials  present  as  variations  from  these  values 
will  not  significantly  influence  the  final  results. 

The  resilient  modulus  values  determined  for  each  location  are 
presented  in  units  of  psi/ in.  Also  supplied  for  each  test  location  is  the 
FWD  dynamic  stiffness  modulus,  DSM,  of  the  pavement  calculated  using  the 
equation: 

DSM  •  Maximum  Load  -  Minimum  Load  (in  pounds) 

DO  at  Max  Load  -  DO  at  Min  Load  (in  mils) 

The  DSM  is  a  measure  of  the  overall  strength  of  the  pavement  with  higher 

values  representing  stronger  pavement  systems. 

FLEXIBLE  PAVEMENT  ANALYSIS 

The  resilient  modulus  of  the  subgrade  was  calculated  for  each  flexible 
pavement  test  conducted  at  Possum  Kingdom  Airport  using  a  deflection  based 
algorithm  developed  using  the  1LLIPAVE  stress  dependent  computer  program. 
This  algorithm  was  developed  by  R.P  Elliot  and  M.E.  Thompson  under  project 
IHR-510 .  This  project  was  undertaken  to  develop  mechanistic  design 
concepts  for  conventional  flexible  highway  pavements  (AC  surface  + 
granular  base).  As  the  pavement  structure  at  Possum  Kingdom  closely 
resembles  this  type  of  structure  in  terms  of  layer  thicknesses  and 
material  types,  application  of  these  algorithms  was  deemed  appropriate. 


The  algorita  used  for  determining  the  resilient  subgrade  modulus,  Eri, 


from  FWD  deflections  is  as  follows: 

Log  Eri  -  1.51  -  0.19  03  +  0.27  Log  D3 
R2  -  0.99  SEE  -  0.05 

03  M  Deflection  measured  36"  from  the  center  of 
the  load  plate  under  a  9000  pound  load. 

This  algorithm  was  selected  as  the  one  with  the  highest  correlation 
coefficient  (R  )  and  lowest  standard  error  of  estimate  (SEE). 

The  measured  deflections  were  first  converted  to  a  standard  9000  pound 
load  and  then  input  into  the  above  equation.  The  calculated  Eri  values 
are  presented  for  each  load  level  used  in  units  of  kips/sq.in. 
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Oonalwtd  O*'l»cuon  data  (rat  (lie  — >  EASTERWOOO  AIRPORT:  OLD  APRON 


Pagt  I  - 


D«fl*ct:on  in  nils 


Station 

Load 

00 

01 

02 

03 

04 

05 

06 

ARC  62 

1LT 

OSH 

En 

1ACEN 

«000 

5  9 

5.4 

4  6 

3  7 

2  8 

2  1 

1  7 

45  6 

(ksi) 

13000 

9  0 

8  5 

7  2 

5.8 

4  4 

3.3 

2.6 

44  9 

17000 

12  O 

11  2 

9.5 

7.4 

5  3 

4.3 

3  3 

44  8 

23000 

17.1 

15.4 

13  t 

10  4 

7  8 

5.9 

4.5 

44  5 

1230 

16.3 

1*TRJT 

9000 

3  5 

3.2 

5.9 

4  3 

3.1 

2  2 

1.6 

100 

13000 

13.3 

12  8 

9  3 

4.7 

4  8 

3.4 

2  5 

100 

17000 

17.9 

17  1 

12.4 

8.9 

6.4 

4.5 

3.4 

100 

23000 

20  9 

23.9 

17.3 

12.5 

8.9 

6.5 

4.7 

100 

854 

2ACEN 

9000 

7.0 

6.6 

5  2 

4.1 

3.0 

2.2 

1.7 

41.6 

13004 

11.0 

10  1 

8.1 

6.4 

4.6 

3.4 

2.5 

41.6 

rooo 

15.0 

13.2 

10.7 

8.2 

6.1 

4.4 

3.3 

41.4 

23900 

21.1 

18.6 

14.8 

11.3 

3.4 

6.1 

4.5 

40.9 

1022 

15.5 

2ATRJT 

9000 

3.9 

8  5 

6.1 

4.3 

3.0 

2.2 

1.7 

100 

13009 

14.2 

13  4 

9.7 

4.7 

4  6 

3.3 

2.6 

100 

17000 

18.9 

17  a 

12.8 

9.9 

6  3 

4.6 

3.4 

100 

23000 

27.4 

23.1 

13  2 

12.7 

8  9 

6  3 

4  9 

10) 

757 

3AC2H 

9000 

9.5 

7.4 

5.7 

4  2 

3.0 

2.3 

1.7 

39  1 

13000 

13.4 

11.3 

9  0 

4.7 

4.9 

3.4 

2.6 

38.9 

17000 

19.4 

15.7 

11.9 

8.8 

6.4 

4.8 

3  3 

33.2 

23000 

28.5 

22.5 

16.9 

13.5 

9.1 

4.7 

4.3 

33  3 

700 

13.5 

3AT3JT 

9000 

20.3 

8  7 

6  3 

4  4 

3  9 

22 

l  7 

100 

13000 

15.7 

13.4 

9  4 

4.7 

4.7 

3.4 

2  6 

100 

17000 

21.0 

18  2 

13.0 

9.1 

6.3 

4.6 

3.5 

too 

23000 

31.3 

25.7 

18.2 

12.3 

8  9 

6.5 

5.0 

100 

667 

IBCEN 

9000 

5.1 

4,7 

4.0 

3  3 

2  6 

2.0 

13 

46  8 

13000 

3  0 

7.3 

6  3 

5.1 

4.1 

3  1 

2  3 

46.6 

17000 

10.5 

9  5 

3.2 

6  9 

S3 

4.1 

3.1 

46.5 

23000 

14  4 

13  1 

11  9 

9.3 

7  3 

3.5 

4.1 

46.2 

1505 

23.3 

iBTRjT 

9000 

7.1 

7.0 

5  2 

3  7 

2  7 

1.9 

1.3 

100 

13000 

11.2 

11.1 

3.1 

5.9 

4.2 

3.1 

2.4 

100 

17000 

15.0 

14.4 

29  9 

7.8 

5.e 

4  1 

3.1 

100 

23000 

21  2 

29.6 

1!  2 

21.0 

7  8 

3.3 

4  3 

190 

1000 

2BCEN 

9000 

4  4 

5  6 

4  7 

3  7 

2  3 

2  1 

1.3 

42.8 

13000 

19.0 

8  8 

7.1 

5.4 

4  3 

3  2 

2  4 

42.2 

rooo 

13  4 

11  a 

9  5 

7  5 

3  8 

4  3 

3.2 

41  7 

23000 

19  4 

16  9 

13  3 

10.6 

3  0 

6  0 

4  4 

41  2 

1177 

16.6 
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Dtflcctio*  IN  tils 


&UUSN 

Load 

00 

01 

02 

03 

04 

03 

06 

ABE  A? 

1LT 

OSH  Eri 

2BTBJT 

9000 

8  3 

7  8 

3  8 

4  1 

2  9 

2.1 

17 

100 

(ksi) 

13000 

13.2 

12  1 

8  9 

6  3 

4  5 

3.2 

2.3 

100 

1:000 

17  7 

16.1 

11.8 

8  4 

6  0 

4.3 

3  3 

100 

33000 

2*7 

22  6 

16.4 

!1  8 

8  4 

6  1 

4.6 

100 

864 

2ALGJT 

°000 

11  5 

6  3 

4  8 

3.5 

2.5 

2.0 

1.6 

63 

13000 

17  5 

9.8 

7.4 

5  3 

4.0 

3.1 

2  3 

65 

17C00 

23.0 

13  1 

9.9 

7.3 

5.2 

4.0 

3.3 

66 

23000 

31.8 

18.6 

13.9 

10.2 

7.4 

5.7 

4  5 

68 

690 

28LGJT 

9000 

8.0 

7.9 

3.6 

4.0 

2.8 

2.1 

1.7 

100 

13000 

12  4 

12.3 

3.8 

6.2 

4.4 

3.3 

2.6 

100 

17000 

lei 

16.4 

11.7 

8.3 

5.8 

4.3 

3.4 

100 

23002 

22.9 

22.4 

16  2 

11.4 

8-0 

6.0 

4.3 

100 

940 

2CICJT 

9000 

11.3 

6.3 

4  9 

3.3 

2.4 

1  9 

1.6 

63 

13000 

17  4 

10.2 

7.5 

5  4 

3  9 

3.0 

2.4 

68 

17000 

23.2 

13.7 

19.1 

7.2 

5.1 

3.9 

3.3 

63 

23000 

33  : 

19  6 

14  3 

10  2 

7.3 

3.4 

4.6 

68 

648 

38CE.1 

9000 

6.8 

6  1 

5.0 

3  9 

3.2 

2.2 

1.7 

43.3 

13000 

20  8 

9.7 

7.9 

8 . 1 

4.7 

3.; 

2.5 

42.8 

17000 

14  6 

12.9 

10.5 

8.2 

6.2 

4.7 

3.1 

42.4 

23003 

20.8 

13.4 

14.7 

11.4 

3.7 

6.3 

4.3 

41.9 

1000  14.8 

38TR.iT 

«000 

3  9 

3  1 

8.4 

4.8 

3  2 

2.4 

17 

100 

13000 

13  9 

12.7 

9  7 

7.1 

4.9 

3.6 

2.8 

100 

rooo 

18 .6 

IT. a 

12.9 

9  3 

6  6 

4.8 

3.3 

100 

23300 

28  3 

24.0 

13  2 

13  2 

9.3 

4  7 

4  9 

133 

795 

1CCEH 

9000 

6  3 

3  6 

4  7 

3  7 

2  3 

2.0 

15 

43.2 

13000 

9,7 

9  7 

7.2 

5.7 

4.2 

3.1 

2.3 

43  2 

17000 

13.1 

11.7 

9  7 

7  6 

3  t 

4.1 

3.1 

43.0 

23000 

19  2 

18  1 

13  4 

13  4 

7.7 

3.3 

4.2 

42.4 

1176  16.5 

iCTB.iT 

9000 

3  3 

7 . 7 

5.6 

3.9 

2  a 

2.0 

14 

130 

12030 

13.0 

i:  « 

3.7 

6  3 

4  *, 

3  2 

2.4 

100 

17000 

t~  3 

13.7 

12.4 

9.3 

i  9 

4.2 

3  2 

100 

23000 

20  2 

22  1 

16.9 

11.7 

8  3 

6.) 

4.4 

100 

981 

2CCEH 

9000 

6  4 

5.7 

4  7 

2  7 

2.9 

2  2 

1.6 

43  3 

13030 

10  1 

9  0 

7  3 

5  / 

4  3 

3  3 

2  3 

42  t 

17000 

13  3 

11.9 

’.S 

7.6 

5  3 

4.3 

3  3 

42.5 

23000 

20  1 

16  8 

13  4 

10  7 

3  0 

6  0 

4  6 

40.3 

1022  16.5 
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Oatldcticn  ir  till 


Statia* 

Load 

00 

01 

02 

03 

04 

05 

04 

A3EA2  1L7 

OSH 

2CT8JT 

■>800 

7  9 

7.3 

S  4 

4  1 

3  0 

2  1 

1.4 

too 

13000 

12.4 

11  4 

8  7 

4  4 

4  7 

3  3 

2  4 

100 

17000 

10  5 

IS  3 

11.7 

3  3 

4  2 

4.4 

3  2 

100 

33000 

23.0 

21.7 

14  4 

119 

8  5 

4.1 

4  4 

too 

927 

3CCIN 

3009 

7  2 

4 . 4 

5  1 

3  9 

3  0 

2.3 

1.3 

42.0 

13000 

11  4 

10.0 

8  0 

4  2 

4  8 

3.4 

2  8 

41.2 

17000 

10  4 

13  4 

10  7 

3  2 

4.4 

4.7 

3.7 

40.8 

23009 

24  9 

19  2 

13  1 

11.4 

9  0 

4.7 

5  2 

34  9 

791 

3CTPCK 

°000 

SO 

7  4 

5  7 

4  3 

3.2 

2  3 

1.7 

13003 

12  8 

11  3 

8.8 

4.7 

S  0 

3.4 

2  4 

<  •« 

•  •  *  .J 

1 7  3 

15  4 

11.8 

8  9 

.  4.4 

4.7 

3  4 

23303 

39  4 

21  9 

14.4 

12.4 

9  1 

4.7 

4.7 

419 

:ctsj* 

7009 

9  5 

3  1 

4  0 

4  3 

2.9 

2  2 

1.4 

too 

13090 

13  3 

12  4 

9  4 

4  7 

4.3 

3  4 

2.4 

100 

I'lOl 

17  4 

19  3 

12  4 

8.9 

4  3 

4.5 

3.4 

100 

879 

IALSuT 

3330 

9  2 

5.4 

4.4 

3  3 

2.3 

2  0 

1.4 

79 

13090 

14  3 

a  a 

4  9 

5  3 

3  9 

3  1 

24 

82 

*  9*9* 

4  IWJ  'J 

13.7 

11.3 

9.2 

7.0 

3.2 

4.1 

3  3 

82 

2300? 

24.3 

14  4 

12.3 

9  9 

7.4 

5.7 

4.5 

82 

819 

ISLGuT 

3000 

7.5 

7.9 

3  0 

3  4 

2  4 

19 

1.6 

100 

I3C05 

4  4.7 

13  9 

3  9 

5  7 

4  1 

3  1 

2  4 

103 

17390 

13.3 

14  3 

10  7 

7  5 

3  3 

4  0 

3  2 

100 

23000 

21.4 

19  9 

14  4 

13  4 

7.4 

3.4 

4  3 

100 

993 

ICLGuT 

9000 

9.9 

5  9 

4  4 

3  2 

2.4 

13 

1.4 

77 

13039 

15.2 

9  3 

7  0 

5.1 

3  7 

2.9 

£.3 

79 

17900 

29.5 

12  3 

9  2 

4  3 

4.9 

3.3 

3.0 

78 

33030 

23  1 

17  5 

13  2 

9  9 

7.0 

S3 

4  3 

81 

749 

30LGJT 

*900 

13  3 

7  2 

5  4 

3  9 

3  3 

2.1 

1.7 

70 

13000 

19  9 

10.9 

8  2 

5  9 

4  3 

3  2 

2  6 

71 

17000 

24.4 

14  7 

11  0 

7  9 

3  9 

4.3 

3  5 

72 

33309 

34  5 

29  9 

15  5 

11.2 

3  1 

4  1 

4  9 

74 

403 

3HL6J T 

'*000 

9  4 

7  9 

S3 

4.3 

3  3 

2  1 

l  7 

too 

12900 

13.7 

12.3 

9  0 

4  3 

i  4 

3  4 

2  7 

100 

17300 

13.2 

14  4 

11  9 

3  4 

3  8 

4  4 

3.4 

100 

23000 

25  7 

23  4 

14  S 

U  7 

8  2 

4  2 

SI 

too 

319 

215 


Eri 

(Wsi) 


14.9 
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Station 

!  3CLGJI 

i 

I 


Deflection  in  oils 


Load 

00 

01 

02 

03 

04 

00 

06 

AQEA2  11! 

«000 

10.7 

7  9 

5  7 

4  0 

2.9 

2  2 

1  8 

95 

13009 

16  4 

12.1 

3  8 

6  1 

4  3 

3  3 

2  6 

46 

17000 

22  1 

16  2 

11.8 

3  2 

5  8 

4  4 

3  6 

95 

23000 

30  8 

23  1 

16  7 

11  7 

8  3 

6  2 

5  0 

97 
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Sutton 

Load 

90 

Qeflectton  to 

01  02  03 

•  Us 

04 

03 

04 

AREA? 

Eri 

(ksi) 

2CCEN 

23019 

19  7 

17  1 

13  8 

10  8 

a  2 

4.1 

4  5 

41  5 

15.7 

23000 

19  9 

17  2 

13  9 

10  9 

8  2 

4  2 

4  4 

41  4 

15.8 

23000 

19  7 

17  2 

13  9 

10  4 

8  2 

4.2 

4  i 

41  .8 

15.9 

23000 

19  7 

17  2 

13  8 

10.9 

8  2 

4  1 

4  3 

41.5 

15.9 

2CCE* 

23000 

19.7 

17  2 

13.9 

10.9 

8  2 

4  1 

4  4 

41  7 

15.8 

23000 

19.3 

17.2 

13  8 

10  9 

3  2 

4.1 

4  3 

41  4 

15.9 

23000 

19.8 

17  3 

13.9 

10  9 

8  2 

4.1 

4  5 

41.5 

15.5 

23000 

19  7 

17  2 

13  0 

10  9 

8  2 

4  1 

4  4 

41.4 

15.8 

2CCEM 

23000 

20.0 

17  3 

13.9 

10  9 

8.2 

4.1 

4.4 

41.2 

16.0 

23000 

20.2 

17.2 

13  9 

10.9 

8  2 

4  1 

4  3 

49  3 

15.7 

23009 

19  8 

17  3 

13  9 

19.9 

8.2 

4 . 1 

4  3 

41.3 

15.9 

23000 

19.3 

17  4 

13.9 

11  0 

8  2 

4.1 

4  4 

41.7 

15.6 

2CCEN 

23000 

19.7 

17  3 

13.9 

10  9 

8  2 

4.1 

4  5 

41  7 

15.7 

23000 

19  8 

17 .» 

13  9 

10.9 

»  2 

4  1 

4  5 

41.4 

15.7 

22900 

;9  9 

17.4 

14.0 

11.2 

3  4 

4  2 

4  4 

42  0 

15.2 

23990 

19  9 

17  3 

13  9 

•0  9 

9  2 

4  1 

4  5 

41  5 

15.6 

2CCE1 

23000 

20  2 

17  3 

14  1 

11  0 

3  2 

4  2 

4  4 

41  2 

15.5 

2300C 

19  9 

17  4 

13  9 

10  9 

3.1 

4  1 

4.5 

41.4 

15.6 

23000 

20  2 

17  « 

14  0 

10  9 

8  2 

4  1 

4  5 

41.9 

16.0 

23000 

20  0 

17  4 

13  4 

SO  9 

3.2 

4  1 

4  5 

41  3 

15.8 

2CCIM 

23000 

21  1 

n  3 

14  1 

10  4 

9  3 

4  2 

4  j 

39  4 

15.4 

23090 

20  0 

17  3 

13  9 

1)  9 

1  3 

4  2 

A  s 

41  3 

15.8 

23900 

20.0 

17  4 

14  0 

11  0 

9  2 

4  1 

4.4 

41.4 

15.6 

Deduction  da la  fmt  »il*  EASTERWOOD  AIRPORT:  NEW  APRON 


Deflection  in  til? 

03  04  00 


Station  Load 

1ACEN  9030 

13000 
17000 
230C0 

lATajT  900) 

13C03 
17000 
3300C 

I8Cc*  9053 

:  3300 


*:J95 

137“C<  9000 

13000 
17009 
23000 

19TBJT  9000 

13C03 


1CCE9  9000 

13000 
17000 
23000 

1C7SJT  9000 

13000 
17000 
23003 

1AL5JT  9000 

13000 
17000 
23003 

IEL3JT  9000 

13000 
17000 
2310" 


00 

01 

02 

2.7 

2  5 

23 

4  4 

4  0 

3  5 

5  7 

5  2 

4  A 

7  7 

7  0 

A  3 

3  3 

3  0 

2  A 

5  2 

4  3 

4  0 

A  3 

A  3 

5  2 

9  o 

9  7 

7  1 

3  7 

3  2 

2  7 

3  3 

5  1 

4  4 

’  A 

A  A 

5. A 

15  5 

9  2 

7  7 

3  4 

3.2 

2  7 

5  4 

4  9 

4.2 

7  1 

A. 5 

5  5 

9  9 

9  9 

7  A 

33 

3.2 

2.8 

5  3 

5  1 

4.2 

7  1 

6  7 

5  3 

9  7 

9  3 

7  t 

3  4 

3  0 

2  A 

3  4 

4  g 

4  0 

7  1 

A  2 

5  3 

9  7 

3  4 

7  1 

3  4 

3  2 

2  A 

3  5 

5  1 

4  2 

7  1 

A  A 

5  4 

9  9 

9  1 

7  5 

4  9 

2  2 

1  9 

7  7 

3  4 

2  9 

10  2 

4  4 

3  3 

14  1 

A  2 

3  3 

4  A 

2  9 

2  4 

A  9 

3  3 

4  0 

9  9 

A  7 

5  4 

12  0 

10  4 

7  3 

1  9 

1  A 

1.4 

3  0 

2  5 

2  1 

3  9 

3  3 

2  7 

5  4 

4  4 

9  7 

2  1 

1  7 

1  .  * 

3  2 

2.4 

2  1 

4  2 

3  4 

2.7 

5  3 

4. A 

3  7 

2  3 

1.8 

1  3 

3.  A 

2.9 

2  4 

4  A 

3  3 

3.0 

A3 

3.1 

4.1 

2  3 

1.3 

1.5 

3  3 

2.8 

2.3 

4  A 

3  7 

3  0 

4  2 

3.1 

4.0 

2.3 

1.7 

1.4 

3.3 

2.7 

2.1 

4.4 

3.3 

2  8 

A  1 

4.8 

3  7 

2  2 

17 

13 

13 

2  7 

2  3 

<  4 

3  A 

2.9 

3  9 

4  8 

3.4 

2  2 

1  7 

12 

3  4 

2  7 

2  1 

4  a 

3  4 

2  7 

A  0 

4  7 

3  A 

1  A 

1  3 

1  2 

2  4 

2  1 

1  3 

3  3 

2  3 

2  4 

4  4 

3  7 

3  2 

2  1 

l  A 

1  4 

3  3 

2  7 

2  2 

4  4 

3  3 

2  8 

A  0 

4  3 

3  9 

?A 

PQE42 

XLT 

11 

31  A 

1  7 

49  3 

2  2 

49  9 

3  0 

50  1 

;  1 

100 

1  7 

100 

2  2 

ICO 

3.0 

190 

1  2 

43  2 

2.0 

46  1 

2  4 

43.2 

3.4 

43  0 

1.2 

1.3 

2.4 

3  3 

1.2 

100 

1.3 

100 

2  2 

100 

3.0 

190 

12 

4«  9 

19 

4A  1 

3  3 

4A  0 

3  3 

43  2 

10 

100 

1.6 

100 

2  2 

100 

2  9 

100 

1  0 

52 

l  6 

51 

i  • 
to  a 

30 

2  2 

31 

1  1 

73 

i  a 

*7 

2  4 

87 

1  2 

110 

OSrt  Eri 
(ksi) 

2890  30.0 

2232 

2059  26.6 

2134 

2139 

2222  29.4 

2134 

1322 

1892 


Page 
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Nor taiitcd  Deflection  data  fro*  file  EASTERWOOO  AIRPORT:  NEW  APRON 


'age  2 


Deflection  in  (lit 


Station 

Load 

00 

01 

02 

03 

04 

05 

06 

A8EA2  ILT 

1CLSJT 

9009 

4. 6 

2  4 

2  1 

:  9 

1  5 

1  3 

1  1 

60 

<3000 

7  3 

3  9 

3  3 

2  8 

2  4 

2.1 

1  3 

60 

17000 

9  5 

5.0 

4  3 

3  7 

3  1 

2  7 

2  3 

61 

23000 

13  2 

6.9 

5  9 

5.9 

4  2 

3.6 

3  l 

60 

OS* 


1623 


219 


Nortalitcd  D«fl#ctioi>  data  fro*  file  -->  EASTERWOOD  AIRPORT:  TAXIWAY 


Cat,*  1 


Oeflectioit  in  tils 


Statioo 

Load 

00 

01 

02 

03 

04 

05 

06 

A0C62 

OSH 

1 

me 

3  6 

3  ; 

2  3 

2  4 

2  0 

1.6 

*  i 

47  8 

13000 

5  6 

9  8 

4  3 

3  7 

3.1 

2  6 

.1  0 

47  8 

17000 

7  6 

6  4 

5  9 

4  9 

4  9 

3  4 

2  7 

46  8 

23000 

13  5 

8  7 

7  3 

6  3 

5  5 

4.5 

3  6 

46  1 

2029 

2 

9000 

3.B 

3.1 

2  7 

2  3 

1  3 

1  5 

1.2 

43  9 

13000 

5  9 

4  8 

4.1 

3.5 

2.8 

2  3 

1  8 

43.4 

17000 

7  9 

6.3 

5  4 

4  6 

3.7 

3.0 

2.4 

42.8 

23C00 

10  9 

8  7 

7  5 

6  2 

5.0 

4.: 

3.3 

42.5 

1972 

3 

9000 

4  0 

3  2 

2  9 

2.6 

2  1 

17 

1.4 

45.6 

13  009 

6  1 

4.9 

4  4 

3.8 

3.2 

2.6 

2.2 

45.3 

17000 

7  7 

6  4 

5.7 

4  9 

4.1 

3.3 

2  7 

45  1 

23800 

10  3 

8  6 

7  7 

6.6 

5  4 

45 

3.7 

44  5 

2359 

220 


Mar  till  1*4  Deflection  data  froa  file  SAN  ANTONIO  INT'L  AIRPORT:  CARGO  APRON 


deflection  m  tils 


Station 

Load 

00 

01 

02 

33 

04 

03 

06 

AREA2 

llT 

OSM 

Eri 

1ACEM 

«oo« 

1.8 

1.8 

16 

IS 

l  3 

11 

1.0 

58  0 

(ksi) 

13000 

2.7 

2  0 

2.4 

2  2 

1.9 

1.7 

1.5 

37  3 

17000 

3  6 

3  3 

3  1 

2.8 

2  5 

2.2 

1.9 

55  5 

2300? 

5  1 

4.7 

4  3 

3.9 

3  5 

3.1 

2  6 

54.9 

4242 

JO.S 

1ATKJT 

coco 

2  7 

2  3 

2.0 

1.7 

1  4 

1.2 

1.1 

92 

13000 

4.0 

3  4 

2.9 

2.5 

2  1 

I  7 

1.5 

92 

17000 

5  3 

4.1 

3.3 

3.3 

2.8 

2.3 

2.0 

92 

22000 

7  3 

6  1 

5  3 

4  5 

3  3 

3.2 

2.7 

39 

2979 

2ACE'A 

»c:o 

2  0 

18 

1.7 

IS 

1.3 

1.1 

1  0 

53.4 

13000 

3  2 

2  7 

2.6 

2.3 

2.0 

1  3 

1.6 

51.3 

17000 

4  1 

3  6 

3  3 

3  0 

2.7 

2.3 

2  0 

52  5 

23000 

5  5 

4.7 

4.1 

4.0 

3.6 

3.1 

2  7 

52  1 

4800 

34.6 

2ATRCK 

3000 

2  2 

2  0 

1.8 

1.6 

1.4 

1.2 

1.0 

13000 

3.2 

3.1 

2  6 

2.3 

2.1 

18 

1.3 

17000 

43 

3.9 

3  6 

3  1 

2  7 

2.3 

2  0 

23000 

5.8 

5.3 

4  8 

4.2 

3.7 

3  1 

2  7 

3S89 

2ACEN3 

9000 

1.3 

1.7 

1.6 

1.5 

1.3 

1.1 

1.0 

57.3 

13000 

2.7 

2  3 

2.3 

2.1 

1.9 

1.4 

1.5 

35.6 

17000 

3.5 

3  3 

3.1 

2.8 

2.5 

2  2 

2  0 

57.1 

2300? 

5.0 

4  7 

4  3 

4.0 

3  5 

3  1 

2.7 

56.3 

4375 

29.3 

2Afq.jT 

9000 

2  8 

2  4 

2.C 

1.7 

14 

1.2 

1  0 

Cl 

13000 

4  0 

3  3 

a  * 

2  5 

2  1 

l  8 

1.5 

32 

17000 

3  2 

4  4 

3  8 

3  2 

2  3 

2  3 

2  0 

90 

23003 

7.1 

5  9 

3.1 

4  a 

3.7 

3.1 

2  7 

38 

323-6 

3AC-N 

q000 

1  « 

!  3 

1  7 

15 

1.4 

1.2 

1.0 

57  2 

13000 

3.0 

2.7 

2.5 

2.3 

2.0 

1.8 

1.6 

34  4 

17000 

3  9 

3.3 

3.3 

3.0 

2.7 

2.3 

2  0 

54  6 

23300 

5.1 

4  6 

4  3 

3.9 

3  3 

3.0 

2.7 

54  i 

4375 

33.0 

3ATBJT 

900C 

2.3 

2  3 

2  1 

1  a 

1  3 

1  3 

1.1 

130 

130f,3 

3.9 

3.5 

3.1 

2  7 

2  3 

2  3 

•  7 

°9 

rooo 

5.1 

4  5 

4.0 

3.3 

3.1 

2.5 

2  2 

93 

23000 

7  0 

6  1 

5  3 

4  3 

4  3 

3  3 

2  ? 

07 

3111 

4ACEN 

9000 

2  1 

1  9 

1.3 

1  6 

1  4 

1  2 

i  : 

54  3 

13030 

3  1 

2  7 

2  3 

2  4 

2  1 

1.8 

1 .  a 

53  4 

17000 

4  1 

3  3 

3.3 

3.1 

2  7 

2  4 

2  1 

53  0 

23030 

5  5 

a  a 

4  a 

a  i 

3  6 

3  2 

2  3 

52  9 

4118 

33.3 

221 


«8f»4:::ea  Select! on  dtu  frot  file  SAN  ANTONIO  INT'L  AIRPORT:  CARGO  APRON 


Pijt  2 


Deflection  in  tils 


Station 

Load 

SO 

01 

02 

03 

04 

05 

06 

AKEA2 

1LT 

QSrt  Eri 

0AT3JT 

<*000 

3  0 

2  4 

2  2 

1  9 

1  4 

1  3 

1  1 

99 

(Wsi) 

13000 

4  6 

3.3 

3  3 

2  9 

2  4 

2.0 

1  7 

95 

17000 

6  2 

5  1 

4  4 

3  7 

3  2 

2.4 

2  2 

94 

23000 

8  5 

6  9 

4  0 

5  2 

4  4 

3  6 

3  0 

93 

2545 

18:27 

9000 

2  2 

2  1 

1  9 

1  8 

1  6 

14 

12 

57  3 

13000 

3.2 

3.0 

2  3 

2.5 

2  2 

2.0 

1  7 

56.1 

17000 

4  3 

4  0 

3.7 

3  4 

3.0 

2.7 

2.3 

56  1 

23000 

5  9 

5  4 

5  1 

4  6 

4  1 

3  6 

3  2 

55  6 

3734  26.0 

19T5JT 

O'  *  • 

2  4 

2  1 

1  9 

!  4 

13 

1.1 

1  3 

96 

■  2**  • 

3  6 

3  1 

2  8 

3.3 

1.9 

1.6 

1.3 

94 

.  e  .  . 

4  3 

4  ; 

3  6 

3  1 

2  6 

2  2 

1.2 

93 

33000 

&  6 

3  7 

5  1 

4  2 

3  6 

3  0 

2.5 

94 

3333 

2?cr- 

3000 

1  3 

1.3 

1.7 

15 

1.3 

1.1 

to 

58.7 

13000 

2.9 

2  3 

2  4 

2.2 

1.9 

1.4 

1.4 

52.8 

.  W  *  .* 

3  7 

3  4 

3.3 

3  9 

2.5 

2  3 

1  ? 

55  9 

220CC 

5  1 

4  5 

4  3 

3  9 

3  9 

3.0 

2  3 

59  2 

4242  32.7 

a3Tft«A 

9000 

2  5 

2  2 

t  9 

1.4 

*;  3 

*  .  1 

0.9 

13000 

3  3 

3.2 

2.3 

2  3 

1.8 

1 .6 

1.3 

17000 

:.i 

4  2 

3  6 

3.1 

2.6 

2  1 

1.3 

23000 

7  t 

5  9 

5  1 

4  3 

3  6 

3.0 

2  5 

3111 

2ST1JS 

9000 

2  ? 

2  - 

2  0 

1.7 

1  4 

1  1 

0  9 

13000 

4  c 

3  5 

3  1 

2  5 

2.1 

t  7 

1  4 

1  7033 

5  5 

A  5 

4  0 

3  4 

3.3 

2  3 

I  ’ 

23000 

7  7 

6  3 

5  4 

4  6 

3  8 

3.1 

2  6 

2357 

39C  £i 

9000 

1  8 

I  7 

l  7 

1  6 

1  3 

•  1 

:  9 

53  7 

13000 

2  8 

2  3 

2.5 

2  3 

2  0 

1,7 

15 

56.4 

17000 

3  4 

3  3 

3  2 

2  9 

2.5 

2.2 

L.° 

56  2 

230  )0 

5  1 

4.  j 

4  4 

4.1 

3  5 

3  l 

2  o 

55  4 

4242  30.5 

38TPJ* 

9000 

2  5 

2  2 

1  9 

1  8 

14 

t  2 

1  1 

93 

12000 

3  7 

3  1 

2  3 

3  ^ 

2  l 

1  7 

1.5 

93 

17000 

4  8 

4  1 

3  6 

3  3 

2  7 

2  3 

2.0 

95 

23000 

6  6 

5  4 

5  0 

4  4 

3  T 

3.2 

2  7 

94 

3415 

•*8CE*f 

9000 

:  ? 

I  ? 

1.7 

1  6 

1  4 

:  a 

1  9 

53  4 

13000 

2  9 

2.3 

2  4 

2  3 

2  0 

1  3 

1.5 

56  7 

1 7  0  0  0 

3  9 

3.7 

3  4 

3  1 

2  7 

2  4 

2  1 

54  3 

23000 

5  4 

5  1 

4  7 

4  2 

3  7 

3  3 

2  3 

55  3 

4000  28.1 

HaruliM*  etflacf.M  C»U  fro.  fUe  -  >  SAN  ANTONIO  INT'L  AIRPORT:  CARGO  APRON 


Oeflection  in  11U 


Suttoft 

Load 

00 

01 

02 

03 

04 

05 

06 

ABEA2 

XL  7 

OSK 

48T8JT 

oooo 

3  0 

2.4 

2  0 

IS 

1  5 

1.2 

1.1 

85 

13000 

4  5 

3  5 

3.1 

2.6 

2  2 

1.3 

1.6 

82 

17000 

6  0 

4.4 

4  0 

3  4 

2.9 

2.4 

2  1 

81 

23000 

3  2 

6  2 

5.4 

44 

3  9 

3.2 

2  8 

80 

2692 

1CCEN 

9000 

1.6 

1.5 

14 

1.3 

1.1 

1.0 

0  9 

56  6 

13000 

2.4 

2  2 

2.1 

1.9 

1.7 

15 

1.3 

56.2 

17000 

3  1 

2.9 

2.7 

2.5 

2.2 

1.9 

1.7 

54.5 

23000 

4  3 

4  1 

3.7 

3.5 

3  1 

2.7 

2  4 

57  1 

5185 

lCTSljT 

9000 

3  2 

2  6 

2  5 

2.1 

1.7 

1.4 

1  2 

85 

13000 

5.0 

4  0 

3  5 

3  1 

2  5 

2.2 

1  9 

8J 

17000 

6  5 

5  2 

4.6 

4.0 

3.4 

2.9 

2  4 

84 

23000 

3  6 

6  9 

6  1 

5.3 

4.5 

3.7 

3  2 

84 

2593 

2CCE* 

9000 

2  0 

1.9 

1.9 

16 

14 

1.2 

1.1 

57.3 

13000 

3  I 

2  9 

2.7 

2  J 

2  1 

1  9 

1.7 

55.7 

.  •  ;  'j  j 

4  1 

2  ? 

3.6 

3.3 

2  9 

2  5 

22 

56.3 

•■"•00 

5  6 

5  1 

4  ? 

4  4 

3  9 

3.4 

3  0 

55.7 

3839 

3C73jr 

’•000 

2  4 

1  ? 

1.7 

1  5 

1.3 

It 

0.9 

87 

13000 

3  7 

2  3 

2  5 

2  2 

1.9 

1  6 

1.4 

83 

17000 

4.3 

3.7 

3.3 

3  0 

2.5 

2.1 

1.3 

85 

23000 

4.4 

5.2 

4.4 

4  1 

3.5 

3  0 

2  6 

87 

3333 

3CCE:t 

9000 

1  8 

1  7 

1  6 

1  5 

1.3 

1  1 

1  0 

5’  3 

13000 

2  3 

2.4 

2  5 

2.3 

2.3 

1.3 

1.6 

57  £ 

17000 

3  6 

3  4 

3  2 

2  ’ 

2  4 

2  2 

2  0 

57.0 

23000 

5.1 

*?  1 

4  4 

4  0 

3.6 

3.2 

2.3 

56  1 

4242 

3CT?J7 

9000 

2  S 

2  2 

1? 

1  7 

1  4 

1  2 

1.1 

85 

13000 

4  4 

3  2 

2  9 

2.5 

2  1 

13 

1.5 

79 

17000 

6  0 

4  5 

4.0 

3  5 

2.9 

2  4 

2  1 

81 

23000 

7  9 

5  7 

5  3 

4.3 

3.7 

3  1 

2-4 

75 

2745 

4CCEN 

9000 

1  9 

1  3 

l  7 

16 

1  4 

1  2 

11 

53  1 

13000 

2.3 

2 

1  «, 
k  .  J 

2  3 

2.0 

i  a 

1.6 

«  -»  * 

»  /  ** 

17000 

3.7 

3  5 

3  3 

3  0 

2  7 

2  j 

2  1 

57  7 

23000 

5  2 

4  3 

4  5 

4  1 

3  7 

3  3 

2  9 

5a  4 

4242 

JC"v* 

’000 

2  7 

2  3 

1  ? 

1  7 

1  3 

1.1 

1  0 

92 

13000 

4  2 

3.3 

2.9 

2.4 

2.1 

1.7 

1.5 

85 

17000 

5.5 

4.4 

3.8 

3  3 

2  3 

2  3 

2.0 

37 

23000 

7  5 

5  9 

5  1 

4  4 

3  7 

3  1 

2.6 

35 

2917 

Eri 

(ksi) 


34.3 


27.7 


29.8 


28.9 


223 


Nona!  wed  >»>ciijn  daw  >•' u«  fil.»  -•>  SAN  ANTONIO  INT'L  AIRPORT  CARGO  APRON 


PeMec' 10#  i#  #il« 


Station 

Load 

CO 

Cl 

0? 

03 

04 

C5 

06 

ARCA2  11.1 

* AL  G  J  T 

<9000 

2  4 

2  0 

1  8 

1  5 

1  3 

1  1 

0  9 

90 

13000 

3  4 

2  8 

2  5 

2  2 

1  8 

1  5 

l  3 

a« 

17000 

4  3 

3  3 

3  4 

3  0 

2  4 

2  0 

1  7 

91 

23000 

6  4 

5  2 

4  7 

4  1 

3  4 

2  9 

2  4 

33 

3500 

islcj: 

O0C0 

3  0 

2  7 

2  4 

2.1 

17 

1.4 

1.2 

*3 

13000 

4  5 

4.0 

3  5 

3.0 

2  4 

2.0 

1.7 

96 

17000 

6  0 

5  3 

4.4 

4  0 

3  3 

2  7 

2.3 

94 

23000 

8  2 

7  2 

4.3 

5  2 

4  4 

3.7 

3.0 

95 

2692 

1CIGJT 

9000 

2  0 

1.5 

1.5 

1.3 

1.1 

0.9 

0.7 

81 

13000 

3  0 

2  4 

2  3 

2.0 

1.6 

1.4 

1.2 

87 

17000 

4  0 

3.2 

3  3 

2.5 

2.1 

1.3 

1.5 

37 

23000 

5.4 

4  4 

4  1 

3.5 

2.9 

2.5 

2.1 

8? 

3939 

2ALGJA 

oi)0  0 

2  4 

2  3 

2  0 

17 

1  4 

1.2 

1  0 

13000 

3  4 

3  3 

2  9 

2.5 

2  1 

1.7 

1.4 

roo: 

4  7 

4  4 

3  3 

3  2 

2.9 

2.3 

1.3 

23000 

4  5 

4  0 

5  2 

4  5 

3  8 

3  1 

2  5 

3415 

HALGuB 

9000 

2.3 

2  2 

1  9 

17 

1.3 

1.1 

0.9 

13000 

3  5 

3  2 

2  3 

2.4 

2  0 

1  7 

1.4 

17003 

4  4 

4.2 

3  4 

3.1 

2  7 

3.2 

1  9 

23000 

6  4 

5  7 

5  a 

4.3 

3 . 6 

3  0 

2  5 

8415 

2BLGoT 

500C 

2  5 

2  4 

2  2 

1  3 

1  5 

I  3 

1  1 

100 

13000 

3  7 

3  4 

3  0 

2  4 

3  2 

1  3 

1  a 

130 

no: 

5  0 

4  5 

3  9 

3  3 

2  9 

2  4 

2  0 

97 

2300* 

4  9 

4  1 

5  4 

4  7 

4  0 

3  3 

2  3 

94 

3132 

2CLGJr 

9000 

3  5 

3  1 

2  3 

2  4 

1  9 

1  4 

1  2 

96 

13000 

5  2 

4  & 

4  0 

3.4 

2.3 

2.2 

1  9 

96 

17030 

4  3 

6  0 

5  3 

4.4 

3  4 

3  0 

2  4 

96 

230  CO 

9  5 

3  3 

7.2 

4.0 

5  0 

4  1 

3.4 

95 

2333 

3Ai.GJT 

S»  V) 

2  4 

2  3 

2.0 

1.7 

1  4 

1  2 

:.i 

100 

:  3  c  o  o 

3  7 

3  3 

2  3 

2.5 

2. 1 

1  3 

1  5 

97 

I’OOO 

4  3 

4  3 

3.7 

3  2 

2  3 

2  3 

2  0 

97 

23001 

6  8 

4  0 

5  2 

4.6 

3  9 

3  2 

2  7 

94 

3132 

3BLGJT 

900“ 

2  9 

2  4 

2  2 

1  9 

1  6 

1  3 

1.1 

97 

13630 

4  3 

3  9 

3  3 

2  9 

2  3 

2  0 

1  6 

9a 

17000 

5  6 

5  2 

4  4 

3  9 

3  2 

2  6 

2  2 

109 

2300" 

7  7 

4  9 

5  9 

5  0 

4  2 

3  4 

2  9 

97 

2917 

724 


Nortalued  Deflection  data  fron  file  --)  SAN  ANTONIO  INT'L  AIRPORT:  CARGO  APRON 


Deflection  in  tils 


Station 

Load 

00 

o: 

02 

03 

94 

05 

06 

APEA2  1LT 

OSH 

3CLCJT 

9000 

2  5 

2  3 

2  0 

1  7 

l  4 

1.1 

0.9 

100 

13000 

4  0 

3  5 

3.1 

2  6 

2  1 

1.8 

1  5 

95 

17000 

5  3 

4  5 

3  9 

3  3 

2  8 

2.3 

l  9 

92 

23000 

7  1 

6  0 

5  ? 

4  5 

37 

3  1 

2  5 

92 

3043 

4ALGJT 

9030 

2.5 

2  3 

2  0 

1  7 

t  5 

1.2 

1  t 

too 

13000 

3  7 

3  3 

2.0 

2.5 

2.2 

1.3 

1.6 

97 

17000 

4  8 

4  4 

3  8 

3.3 

2.9 

2.4 

2.0 

99 

23000 

6.5 

5  7 

5.0 

4.4 

3.3 

3.1 

2  7 

95 

3500 

4ELGJT 

9000 

3.0 

2  8 

2.4 

2  1 

1.7 

1.4 

1.2 

100 

12000 

4  5 

4.1 

3  5 

3.1 

2.5 

2  1 

1.6 

99 

17000 

6.0 

5.4 

4.6 

4.0 

3.3 

2  7 

2.3 

98 

23000 

8.3 

7.4 

6  4 

5  5 

4.5 

3.3 

3.2 

97 

2642 

4CIGJT 

9000 

2  7 

2  3 

2.0 

1.7 

1.4 

1.2 

1.0 

92 

13000 

4.0 

3.4 

2.9 

2  5 

2.1 

1.7 

1.5 

92 

17000 

5.4 

4  a 

?.? 

3.4 

2  9 

2.4 

2  0 

92 

Mortal  wed  0«l!»cf.rn  data  fro.  file  -->  SAN  ANTONIO  INT'L  AIRPORT:  CARGO  APRON 


Oenecwna  in  »;1‘ 


Station 

toad 

00 

D! 

02 

03 

04 

05 

04 

A(:EA2 

Eri 

2ACE9* 

23090 

* 

1 

A  7 

4  4 

4  0 

3  5 

3  0 

2  4 

53  2 

30.7 

23000 

5 

2 

a  a 

4  3 

4  0 

3  & 

3  ! 

2  & 

55  2 

30.0 

23000 

5 

0 

4  • 

4  4 

4  0 

3  5 

3  0 

2  4 

54  2 

29.4 

23000 

3 

! 

4  7 

4  4 

4  0 

3  5 

3  0 

2  4 

55  2 

30.7 

2ACENX 

23000 

5 

t 

4  7 

4  4 

3  o 

3  5 

3.0 

2.6 

54  V 

30.3 

23000 

5 

1 

4  7 

4  3 

3  9 

3  3 

3  0 

2.4 

34  7 

31.7 

23000 

5 

1 

4  3 

4  4 

4  0 

3  A 

3! 

2.4 

35  9 

29.4 

23000 

5 

i 

4  7 

4  4 

4  0 

3  3 

3.1 

2.4 

53  4 

30.7 

2ACEHX 

23000 

5 

1 

4  7 

4.4 

4.0 

3  5 

3  0 

2  4 

55  2 

30.7 

23000 

5 

I 

4.7 

4  4 

4.0 

3.3 

3  0 

2  4 

55  2 

30.7 

23003 

5 

1 

4  7 

4  4 

4  0 

3  5 

3  0 

2  4 

35  2 

30.7 

33000 

« 

J 

t 

4  7 

4  3 

4  0 

3  4 

3  1 

3  4 

55.9 

29.6 

2ACENX 

23000 

5 

1 

4 

4.4 

4.0 

3.3 

3  0 

2.4 

55.2 

30.7 

23000 

5 

1 

4  7 

4  4 

4.0 

3.5 

3  0 

2.4 

55.2 

30.7 

23000 

r 

J 

1 

4  ? 

*  • 

4.9 

2  5 

3  0 

2.3 

53.2 

30.7 

23030 

3 

l 

4  7 

4  4 

4  0 

3.3 

3  0 

2.4 

55.2 

30.7 

2ACENX 

23300 

2 

I 

4  7 

4.3 

4  0 

2.4 

3  0 

2.4 

33  2 

30.8 

23000 

c 

2 

4  3 

4.5 

4  0 

3  5 

2 . 0 

2.4 

53.4 

30.1 

23000 

5 

t 

j  7 

4.4 

4  9 

3.4 

3.0 

2.4 

54.9 

30.8 

23000 

5 

1 

4  7 

d  4 

4  0 

3  4 

3  0 

2  6 

54  » 

30.8 

eACS'lX 

23030 

c 

■* 

: 

4  3 

a  4 

»  «• 

1  V 

3  3 

3  0 

C  3 

55  4 

30.7 

22003 

t 

i 

4  7 

4  4 

4  0 

3  3 

3  0 

2  4 

55  2 

30.7 

23030 

c 

i 

4  7 

4  4 

4  0 

3  4 

3  0 

2  4 

54  9 

30.3 

2200" 

c 

0 

4  ’ 

4  4 

4  0 

3  4 

3  0 

2  4 

55  9 

30.5 

EACH'" 

aoro 

c 

•l 

: 

4  7 

4  « 

4  ; 

3  5 

3  3 

2  7 

35  8 

29.9 

23300 

3 

l 

J  7 

4.5 

4  0 

3  4 

3  1 

2  7 

54.3 

29.4 

23000 

5 

i 

4  7 

4.4 

4  9 

3  5 

3  I 

2  4 

35  4 

30.7 

23030 

- 

i 

4  7 

4  4 

4  0 

3  4 

3  0 

2  4 

34.9 

30.8 

2ACSNX 

23000 

5 

4  7 

4  4 

4  9 

3  3 

3  0 

2  i 

33 .2 

30.7 

22300 

e 

o 

4  3 

1  4 

4  0 

3  4 

3.3 

2  4 

53  * 

30.7 

23000 

3 

') 

4  4 

4  4 

4  0 

2  4 

3  3 

2  4 

35  T 

30.7 

23000 

v 

t 

4  7 

4  4 

4  0 

3  4 

3  0 

2.4 

54  « 

30.8 

24CEVT 

23000 

3 

2 

4  3 

•  5 

3  9 

3  4 

2  4 

2  4 

52  3 

34.5 

230CO 

* 

1 

4  3 

4  3 

3  8 

3  4 

3  9 

2  4 

33  5 

33.9 

23000 

3 

2 

4  3 

4  2 

3  3 

3  4 

3  0 

2  5 

53  4 

33.9 

23000 

3 

2 

4  3 

4  2 

3  3 

3  4 

3  9 

2  4 

53  3 

33.9 

«s*»«;u*4  4*'-*  »ro»  <tl*  SAN  ANTONIO  INT'L  AIRPORT:  CARGO  APRON 


0*ll*c(ian  in  tilt 


Su'.iofi 

Laid 

00 

0! 

02 

03 

04 

05 

00 

AREA? 

En 

2ACE*r 

23000 

5  1 

4  5 

4  2 

3  0 

3  4 

2  9 

2  0 

53  5 

33.7 

23000 

5  1 

4  5 

4  3 

3  9 

3  4 

2  9 

2  i 

53  8 

33.7 

23000 

5  1 

4  5 

4  3 

3  * 

3  4 

2  9 

2  4 

53  8 

33.7 

23000 

3  ! 

4  5 

4  2 

3  « 

3  4 

2  9 

2.9 

33.5 

33.7 

?ACEtr 

230’'0 

5  : 

4  5 

4  3 

3  9 

3  4 

3  0 

2  5 

53  9 

33.7 

23000 

5  2 

4  4 

4  3 

3  9 

3  4 

3.0 

2  & 

53.3 

34.2 

23000 

i  2 

4  4 

4  3 

3  9 

3  4 

3  0 

2  5 

53  2 

34.2 

23000 

5  l 

4  5 

4  2 

3  3 

3  4 

2.9 

2.5 

53.2 

33.9 

2ACES* 

23C00 

5  1 

4  5 

4  2 

3  8 

3  4 

2  9 

2  5 

53  2 

33.9 

23000 

5  ! 

4  3 

4  2 

3  9 

3  4 

3  0 

2  5 

53  4 

33.7 

23000 

5  1 

4  4 

4  2 

3  9 

3  4 

3  0 

2  4 

34  0 

33.7 

23000 

5  2 

4  4 

4  3 

3.9 

3  4 

2  9 

2  6 

53  1 

34.2 

2ACENT 

22000 

5  1 

4  4 

4  3 

3  9 

3  4 

J  0 

2  4 

54  2 

33.7 

23S00 

3  3 

4  4 

4  3 

3  9 

3  1 

3  0 

2  4 

53  5 

33.6 

Z3C0  > 

5  I 

4  6 

4  2 

3  8 

3  5 

3  0 

2.4 

54  0 

33.6 

tty  3 

5  2 

4  5 

4  3 

3  9 

3  3 

3  0 

2  4 

53  5 

33.4 

23000 

*3  1 

4  4 

4  3 

39 

3  3 

3  0 

2  4 

54  5 

33.5 

::w’v 

5  3 

4  6 

4  3 

3  ? 

3  3 

3.3 

2  4 

53.5 

33.4 

23000 

5  1 

4.4 

4.3 

3  9 

3  5 

3.0 

2.4 

54  5 

33.5 

23000 

o  : 

4.4 

4  3 

3  0 

3  3 

3  0 

2.4 

54  5 

33.5 

2ACES* 

23000 

5  1 

4  4 

4  4 

3  « 

3  3 

3  0 

2  4 

54  7 

33.5 

23000 

5  2 

4  4 

4.3 

3  9 

3  5 

3  0 

2  4 

53  5 

33.4 

23000 

5  2 

4  4 

4  « 

4  0 

3  3 

3  0 

2  4 

54  0 

33.3 

23000 

5  2 

4  4 

4  3 

3  9 

3.5 

3.0 

2  6 

53  5 

33.4 

2ACE'‘y 

23000 

5  I 

4  4 

4  2 

3  9 

3  4 

3  0 

2  4 

54  0 

33.7 

230*0 

5  i 

4  4 

4  3 

3  9 

3  5 

3  0 

2.4 

54.5 

33.5 

230  C  3 

5  : 

4  4 

«  3 

3  9 

3  4 

3  0 

2  4 

54  2 

33.3 

23000 

2  2 

4  7 

4  3 

4  0 

3  3 

3  1 

2.7 

54  3 

32.1 

cACix' 

23000 

:  2 

4  5 

4  3 

3  ? 

3  3 

3  0 

2.4 

53.3 

34.3 

22000 

c  5 

J  Z 

-  6 

4  3 

3  9 

3  5 

3  0 

2  « 

53  5 

33.4 

23000 

5  1 

4  4 

4  3 

2  6 

3  * 

3  0 

2  5 

54  l 

33.5 

22^00 

5  2 

4  4 

4  3 

3  9 

3  3 

3  0 

2  6 

53  5 

33.4 

2AC24y 

23000 

5  2 

4  4 

4  3 

3  q 

3  3 

3  0 

2  4 

53  5 

33.4 

22000 

5  2 

4  4 

4  3 

3  9 

3  6 

3  0 

2  4 

53.3 

33.3 

230C0 

3  1 

4  4 

4  3 

3  9 

3  5 

3.0 

2  4 

54  5 

33.5 

23000 

2  1 

4  4 

4  3 

3  9 

3  4 

3  0 

2  4 

54  7 

33.3 

227 


Mortal i ltd  OtflKliM  iliii  frot  fil*  *-)  SAN  ANTONIO  INT  L  AIRPORT:  CARGO  APRON 


Otfltcuoii  n  tils 


Stauoo 

Load 

00 

01 

02 

03 

04 

05 

06 

AQEA2 

En 

2ACEMY 

23000 

5  1 

4  5 

4  3 

3 

9 

3  5 

3.0 

2  6 

54  2 

33.5 

23000 

5.2 

4  6 

4  4 

4 

0 

3  3 

3  0 

2  6 

54  0 

33.3 

23000 

5.2 

4  6 

4  4 

4 

0 

3  5 

3  0 

2  6 

54  0 

33.3 

23000 

5  2 

4  5 

4  4 

4 

0 

3  5 

3  0 

2.6 

53  3 

32.9 

2ACEMY 

53;'00 

5  2 

4  6 

4.4 

4 

0 

3  5 

3  0 

2  6 

54  0 

33.3 

23000 

5  1 

4  5 

4  4 

4 

0 

3  5 

3  0 

2  6 

54  7 

33.0 

23000 

5  2 

4  5 

4  3 

4 

0 

3.5 

3  0 

2  6 

53.5 

33.0 

23000 

5.1 

4  5 

4  4 

4 

0 

3  5 

3  0 

2  6 

54  7 

33.0 

lBCcN.A 

23000 

s'* 

5  4 

5.1 

4 

7 

4  1 

3  7 

3.2 

56  0 

25.5 

23000 

5  9 

5  4 

5  1 

«* 

4 

4  1 

3  6 

3  2 

56  5 

25.2 

23000 

5  9 

5  4 

5  1 

4 

6 

4  1 

3  6 

3  2 

55  6 

26.4 

23000 

5  9 

5  4 

5  0 

4 

6 

4  1 

3  7 

3.3 

55  7 

26.2 

23000 

5  3 

5  3 

5  0 

4 

6 

4  1 

3  6 

3.2 

56  1 

25.7 

23000 

5  9 

5  3 

5  0 

•5 

& 

4.1 

3  6 

3.2 

56  1 

25.7 

23333 

5  3 

5  4 

5  0 

4 

4 

4  1 

3  7 

3.2 

56  5 

25.2 

23000 

5  3 

5  4 

5  0 

4 

6 

4  1 

3  b 

3  2 

56  3 

25.5 

13C-HA 

23000 

3  9 

5.4 

5  1 

4 

6 

4  2 

3.7 

3.2 

36.9 

25.7 

23000 

5  9 

3.4 

5  1 

4 

7 

4  1 

<• 

3.3 

56.1 

25.5 

23003 

5  9 

5  4 

5.1 

4 

6 

4  ! 

3  i 

3.2 

55.6 

26.2 

23000 

5  9 

5  4 

5  0 

m 

6 

4  1 

3  6 

3  2 

55  4 

26.6 

1ECENA 

23005 

5  9 

C 

4 

3.1 

• 

6 

4 

• 

3  : 

3 

33  4 

26. Q 

23000 

5  9 

5 

4 

5  0 

4 

a 

4 

i 

3.4 

3  2 

55 

26.4 

23000 

6.3 

r 

j 

4 

3  l 

4 

7 

4 

2 

3  ' 

3  2 

33.4 

26.4 

23000 

3.9 

5 

4 

3  1 

4 

7 

4 

*5 

3  6 

3  3 

56  1 

25.5 

18CH.YA 

23000 

5  9 

5 

4 

5  0 

• 

f 

4 

2 

3  7 

3.2 
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Derivation  of  the  Average  Strain  and  Average  Stress 
in  the  Soil  Mass  During  a  Pressuremeter  Hnload-Reload  v'vg'. « 
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As  mentioned  in  section  5.2,  the  pressuremeter  modulus  E  is  calcu¬ 
lated  based  on  the  average  stress  and  strain  developed  in  the  zone 
surrounding  the  pressuremeter  (Eq.  21).  it  was  suggested  that  the 
average  hoop  strain  in  the  soil  mass  surrounding  the  pressuremeter  e"  * 
fu/ir)ave  =  (£Rc/Rc)ave  be  defined  as: 

‘•ee =  0,32  e68 

It  was  also  suggested  that  the  average  radial  stress  in  the  soil  mass  be 
defined  as: 

orr=  0.40  °rr  (F2) 

Equation  F.2  comes  from  the  theory  of  plasticity  and  the  assumption  that 
"  rr  *s  *,est  represented  by  the  average  stress  within  the  plastic  zone 
during  a  pressuremeter  expansion  since  the  stress  gradient  is  larger  in 
the  plastic  zone  in  the  immediate  vicinity  of  the  pressuremeter. 

The  derivation  of  equations  F.l  and  F.2  follows. 


From  the  theory  of  elasticity  and  the  expansion  of  a  cylindrical 
cavity  the  following  relationship  for  the  strain  in  the  soil  surrounding 
the  pressuremeter  can  be  derived  (Baguelin  et  al.  1978): 


e  r  2 
o  c 


where:  £  is  the  radial  strain  at  any  point  in  the  soil  medium 

rc  is  the  radius  of  the  pressuremeter  cavity, 

e  is  the  radial  strain  at  the  cavity  wall  (associated  with  r  ), 

o  ,  c 

and 

r  is  the  distance  from  the  axis  of  the  cylindrical  cavity  to 
the  point  where  e  is  calculated. 

A  plot  of  equation  F.3  for  radial  strain  is  shown  in  Figure  Fl.  If  the 
radius  of  influence  re  is  used  as  a  limit  over  which  an  average  hoop 

strain  or  radial  strain  is  to  be  calculated  then  from  the  theory  of 

elasticity  we  find: 


i 

"  re  -  rc  1  r2 


which  can  be  written  as; 


f  i 

re  -  rc  J  r1 


performing  the  integration  and  evaluating  the  integral  leads  to: 
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re  =  radius  of  pressuremeter  cavity 


Cavity  Wall  Following  Probe  Expansion 


Pressuremeter  During  Expansion 


Fig.  FI  Pressuremeter  Strains  versus  Radial  Distances  from  Cavity  Centerline 


throughout  the  radius  of 


Ir.  elasticity  the  change  in  radial  stress  Ac 
influence  is  fBazueLin  et  al.  1978): 

'•':rr  _  2G  r'96 

where  G  is  the  shear  modulus  at  the  cavity  wall: 


( l’7) 


Acs  =  2G  z 

rrc  0 


Ac  the  radius  of  influence  re: 


Ao  -  2G 

e  r 


(FS) 


(F9) 


If  it  is  assumed  that  the  zone  of  influence  of  the  pressureme ter  extends 
to  the  radial  distance  at  which  only  10%  of  the  radial  stress  at  the 
cavity  wall  remains,  the  following  relationship  exists: 


A  a 


rr. 


=  0.1  A  Q 


(F10) 

‘-e  rrc 

Then  it  comes,  by  substituting  equations  F.8  and  F.9  into  equation  F.10 
that : 


*  °'1  ^2 
r  r 

e  c 


(FI  1 ) 


Solving  for  rg  yields: 


r  =  3.16  r 
e  c 


which  when  substituted  into  equation  E.6  yields: 

r 


e06  "  Eo  3.16  r 


(F12) 


(F13) 


Recall  from  equation  F.3  that  ec  was  the  strain  associated  with  rc 
therefore  it  may  also  be  written  as  and  equation  F.13  becomes: 


£69  *  0,32  £09 


(F14) 


This  proves  equation  F.l;  the  average  hoop  strain  within  the  plas¬ 
tic  zone  surrounding  the  pressuremeter  cavity  is  32%  of  the  hoop  strain 
at  the  cavity  wall.  The  derivation  of  equation  F.2  follows. 

The  problem  is  to  calculate  the  average  stress  ora  in  the  plastic 
zone  of  the  soil  surrounding  the  pressuremeter.  A  sketch  of  the  problem 
is  shown  in  Figure  F2.  During  this  study  only  two  types  of  subgrade 
soils  were  encountered.  At  two  airports  the  subgrade  was  a  clay  and  at 
the  third  airport  the  subgrade  was  a  sand. 

The  derivation  for  the  expressions  of  the  stresses  orr  and  "cc  in 
the  plastic  zone  around  a  pressuremeter  probe  is  explained  in  detail  in 
"The  Pressuremeter  and  Foundation  Engineering"  by  Baguelin,  Jezequel  and 


Fig.  F2  Stresses  in  Elastic- Plastic  Soil  (from  Baguelin  et  al.  1978) 


Shields  0978).  This  procedure  will  be  summarized  in  order  to  clearly 
present  the  problem.  The  pressuremeter  measures  the  radial  stress  o 
at  the  cavity  wall,  which  is  equal  to:  rr 


where : 


rr 


P  .  ♦ 
oh 


A  o 


rr 


(FI  5) 


PDh  is  the  at  rest  horizontal  stress  and 
Aorr  is  the  additional  stress  applied  to  the  soil  by  the  pres¬ 
suremeter. 


The  hoop  strain 


00 


can  be 


expressed 


as : 


°ee  "  poh  + 


Ao 


90 


(FIG ) 


For  cohesionless  soils  in  the  plastic  zone  the  radial  stress  rrr  is 
related  to  the  hoop  stress  oqq  by  the  active  earth  pressure  coefficient 
Ka  (yield  criterion)  as  follows: 


a 


09 


K  o 


a  rr 


(F17) 


Assume  Ka  is  0.4.  Therefore,  at  the  interface  between  the  plastic  and 
elastic  zones  (rp,  Fig.  F2)  n  m  is  equal  to  the  at  rest  horizontal 
stress  pQhi  that  Is: 


o  ■  p  ,  for  r  =  r 
m  oh  F 

Now  the  average  stress  ora  at  the  wall  of  the  cavity  is: 

a 

/  ...  v 

a 


m 


I  <°rr  +  Vrr>  - ~T  <l  +  °-4> 


(F18) 


(FI  9a) 


or 


°m  =  0 • 7  a  „  for  r  =  r 
m  rr  c 


(F19b) 


Baguelin,  Jezequel  and  Shields  (1978)  developed  the  following  equat ions 
giving  the  variation  of  orr  and  o.  in  the  plastic  zone  of  soils  with 
both  friction  and  cohesion: 


2  X-Ka 


^rr  +  tan  $  ^F  +  tan  ^  ^2  ^ 


(F20) 


and 


°99  +  tan 


f 


K  (Pt7  +  — — 
a  KF  tan 


„  1-K 

r  2  - a 

-x-4-)  2 


(F21) 


where:  c  is  the  cohesion, 

<{>  is  the  angle  of  internal  friction, 

Pp  is  the  radial  stress  at  the  boundary  between  the  plastic  zone 
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and  the  elastic  zone.  It  is  the  pressure  at  which  the  soil 
begins  to  fail  (Fig.  F2)  and  is  given  by:  pp  =  p0|,  ( L  + 
sin  ;)  +  ccos<|,  for  c,  $  soils. 


■  jT  purely  cohesive  soils  they  developed  the  following  equations  for 
and  c, ,  : 


rr 


n  =  p_  +  C  In  ( — — ) 
rr  u  2 


(F22) 


C- „  =o  -  2C  =  p_  -  2C  +  C  In  (-—) 
60  rr  u  rF  u  u  2 

r 


(F23) 


For  purely  cohesive  soils  pp  is  given  by:  pp  =  pon  *  cu.  In 
this  study,  the  subgrade  soils  encountered  were  a  sand  with  zero  cohe¬ 
sion  and  two  clays  for  which  undrained  behavior  was  assumed.  For  the 
sand  equations  F.20  and  F.21  reduce  to: 


a 

rr 


o 


09 


1-K 

- 

"  Ka 

r 


1-K 
_ _ a 

2 


(F24) 


(725: 


If  the  average  stress  om  at  any  radial  distance  r  in  the  elastic  z:n* 
of  a  purely  cohesive  soil  is  required  then  equations  F.22  and  f.23  can 
be  averaged  to  yield: 


°rr  +  °ee 


substituting  for  pp  yields: 


(F26) 


(F27) 


If  the  average  stress  am  in  a  purely  cohesionless  soil  is  required, 
then  equations  F.24  and  F.25  can  be  averaged  to  yield: 


m 


-  V  f 


substituting  for  pp  yields: 


,  1-K 


•oh 


o  ■  (1  -  K  )  -5—  (1  +  sin$) 
m  a  l 


v 

2 


1  1-K. 


(F28) 


(F29) 
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Baguelin,  Jozequel  and  Shields  (  1978)  also  give  the  «>  xpross  i  ,*n  lor  r  (  : 


r 


r 


f 


f 


2 

2 


2 

r 

c 


2 

r 

c 


G 


p  ,  sinij 
roh 

_G_ 

C 

u 


for  purely  cohesionless  soils  ^ F30 'I 
for  undrained  behavior  of  clays (F31 1 


In  order  to  arrive  at  an  approximate  relationship  between  rc  and  rp 
for  sand,  typical  properties  will  be  chosen  and  substituted  into  equa¬ 
tion  F.30.  These  properties  are: 


Yt  =  120  pcf  *  total  unit  weight 
z  -  3  feet  =  depth  of  test 
K  =  0.8  =  at  rest  earth  pressure  coefficient 
v  =  32°  =  angle  of  internal  friction 
G  =  200,000  psf  *  shear  modulus 

Making  the  proper  substitutions  yield: 

rF  *  36'5  rc 


In  order  to  obtain  a  similar  relation  in  clay,  the  following  properties 
were  chosen: 

Yt  *  120  pcf  ■  total  unit  weight 
z  *  3  feet  *  depth  of  test 

■  0.8  ■  at  rest  earth  pressure  coefficient 
cu  *  2000  psf 
G  -  200,000  psf 

For  these  values  the  parameter  rp  is  (Eq.  F.31): 


For  the  two  subgrade  soils  encountered  at  the  airports,  values  of  the 
average  stress  ora  will  be  calculated  at  several  distances  from  the 
center  of  the  pressuremeter.  Calculations  will  be  made  at  the  following 
radial  distances:  rc  *  rc ,  rp  *  rp  and  rc  =  (rp-rc)/2.  For  the 

clay  subgrade  if  a  value  of  cu  is  assumed  as  2000  psf  and  pQ^  is 
calculated  from  the  previously  assumed  parameters  for  the  clay  substitu¬ 
tion  into  equation  F.27  yields: 

o  (r  -  r  )  -  4.75  tsf 
m  c 

o  (r  ■  r_)  *  0.14  tsf 
tn  F 

rF  "  rc 

<T  (r  -  ,■—>  =  1.74  tsf 

m  2 
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Mean  Stress  in  Plastic  Z> 


I  Radial  Distance  from  Center  of  Probe,  r 

1 

t 

! 


Fig.  F3  Average  Stresses  in  Pastic  Zone  of  Soil 
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For  the  sand  subgrade  using  the  previously  assumed  parameters  for  the 
sand  and  substituting  into  equation  f.29  yields  the  following: 


o  (r  =  r  )  =  0.92  tsf 
m  c 

0  (r  =  r_)  =  0.076  tsf 
m  r 


o 

m 


0.125  tsf 


The  following  table  summarizes  the  previous  calculations: 


Soil  Type 

Radial  Distance 

m 

C  lay 

rc 

4.75 

tsf 

4.5  r c 

1.74 

tsf 

10  rc 

0.14 

tsf 

Sand 

rc 

0.92 

tsf 

17.7  rc 

0.12 

tsf 

36.5  rc 

0.076 

tsf 

The  summary  data  from  this  table  is  plotted  in  Figure  F3.  In  order 
to  find  the  average  stress  in  the  plastic  zone  for  both  subgrade  types 
the  areas  under  the  curves  depicted  for  each  soil  is  calculated  using 
the  trapezoidal  rule. 


For  the  clay  subgrade: 

A  i 

clay 

For  the  sand  subgrade: 

^sand 


16.53  r 

c 

10.53  r 

c 


To  calculate  the  mean  stress  for  each  type  of  soil  divide  the 
the  radius  of  influence  of  the  plastic  zone  (i.e.  rp  =  rc). 
clay  subgrades: 

16.53  r 


_ c 

°m  *  10  r  -r 
c  c 


1.84  tsf 


area  by 
For  the 


and  for  the  sand  subgrade: 

10.53  r 

0  *  TT— r - - - 

m  36.5  r  -r 
c  c 


0.297  tsf 


In  order  to  calculate  the  ratio  between  the  pressure  at  the  cavity  wall 
and  the  average  stress  a  m  in  the  plastic  zone  of  the  surrounding  soil 
mass  the  average  stress  is  divided  by  the  maximum  radial  stress  at  the 
cavity  wall  (r  ■  rc).  For  the  clay  subgrades  this  yields: 


m 


o 


rr 


1.84 

4.75 


0.39 
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I 

I 

* 

t 


and  for  Che  sand  subgrade  this  yields: 


a 

m 


o 


rr 


0.247 

0.92 


0.32 


After  several  calculations  with  other  assumed  soil  properties 
following  relationship  was  selected  for  this  study: 


a  *  0.40  a 
m  rr 

which  is  equation  F2. 


* 


) 
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